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ABSTRACT 
Nickel (Ni) toxicity is becoming more prevalent in plants and soils due to 
increased applications of sewage sludge and waste water.  New literature highlighting the 
Ni-tolerance of cool-season turfgrass species is needed. Herbicide resistant annual 
bluegrass (Poa annua L.) biotypes are also becoming more prevalent, stemming from 
application of single mode of action herbicides. Research was conducted to examine Ni 
tolerance of three cool-season turfgrasses and explore the possibility of Ni use as a 
suppressant of annual bluegrass. Seaside II creeping bentgrass (Agrostis stolonifera L.), 
PennLinks II creeping bentgrass (Agrostis stolonifera L.), and a weedy species mixture 
containing 61.4% annual bluegrass and 35.8% perennial ryegrass (Lolium perenne L.) 
were grown in pure sand and treated with six different Ni levels, supplied as NiSO4·6H2O 
(0, 200, 400, 800, 1600, and 3200 µg L-1 of Ni). The grasses were assessed based on turf 
quality, Normalized Difference Vegetation Index (NDVI), chlorophyll index, relative 
clipping biomass, relative root biomass, relative total biomass, and plant tissue Ni 
concentration. As Ni concentration increased, all parameters decreased and toxicity 
symptoms, followed by growth reductions, were observed for all three cool-season 
turfgrasses. At Ni concentrations of 400 and 800 µg L-1 the turf quality of Seaside II and 
PennLinks II was acceptable, but the turf quality of the weedy species was not 
acceptable. Seaside II turf quality was acceptable at 1600 µg L-1 Ni.  At the study 
conclusion after exposure to 3200 µg L-1 Ni, PennLinks II and the weedy species were 
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necrotic while Seaside II was actively growing with signs of yellowing.  Cool season 
turfgrasses differ in their tolerance of exposure to Ni. 
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CHAPTER ONE 
INTRODUCTION 
Golf courses have a positive impact on the U.S. economy. It is estimated that 
more than 25 million people in the U.S. spend 2.5 billion hours outside annually, playing 
the nation's 15,000-plus golf courses. In 2016, the U.S. Golf Economy Report was 
released and reported that golf directly contributed $84.1 billion in economic activity, 
with indirect economic activity of $191.9 billion; this was an increase of 22.2% from the 
2011 economic valuation of $68.8 billion.  Turf is also foundational to popular sporting 
events, such as the Super Bowl, collegiate football bowls, NASCAR and Major League 
Baseball playoffs, sports have grown to a multibillion dollar industry in the United States 
(Hall, 2006).  Almost 49 million people attended college football games in 2007 (Official 
NCAA Football Records Book, 2008).  Due to demand and high economic impact 
created by golf courses and sports fields, proper agronomic practices must be applied to 
ensure a healthy stand of turf, low environmental impacts, and best playability of the turf.  
Fertilization is a key component to responsible turf management and is used to achieve 
prime playability, turf density, turf color, and turf health (McCarty, 2011).   
In 1939, Arnon and Stout established reputable criteria for the essentiality of 
elements for plant growth and development (Arnon and Stout, 1939).  To be deemed an 
essential element, a deficiency of the element must make it impossible for the plant to 
complete the vegetative or reproductive stages of its lifecycle.  Such deficiency must be 
specific to the element in question and be prevented or corrected only by supplying this 
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element.  The element must be directly involved in the nutrition of the plant, quite apart 
from its possible effects in correcting some unfavorable microbiological or chemical 
condition of soil or other culture medium (Arnon and Stout, 1939).  Brown et al. (1987) 
determined that Ni is the 14th essential mineral element for both monocotyledons and 
dicotyledons. 
Annual bluegrass (Poa annua L.) encroachment is a major problem for sod 
growers, golf course superintendents, and sports field managers.  Annual bluegrass is 
considered a weed in many established turf stands, in both cooler humid regions along 
with warm season zones, and it is a major problem in highly maintained turfgrasses. 
Annual bluegrass is a bunch-type grass that does not creep, and its seed heads are 
dominant leading to rapid spread.  
Creeping bentgrass (Agrostis stolonifera L.) is a cool-season turfgrass used for 
putting greens, fairways, and tee boxes.  It is popular because it can be mowed at low 
heights, has year-round green color, and provides a consistent ball roll on putting greens.    
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CHAPTER TWO 
LITERATURE REVIEW 
 
Creeping Bentgrass 
Creeping bentgrass is a cool-season turfgrass primarily used for golf course 
putting greens, fairways, and tee boxes.  It requires a high level of maintenance and thus 
is generally used on high budgeted golf courses.  Creeping bentgrass is ideal for putting 
greens due to its fine texture, high shoot density, and color.  Creeping bentgrass is also 
able to tolerate and recuperate from low mowing heights.  Creeping bentgrass does not 
have a high tolerance to wear; however, its stolons allow it to recuperate quickly from 
wear.  Creeping bentgrass is highly cold tolerant, has fair heat tolerance, and good 
salinity tolerance (Emmons and Rossi, 2016).  During hot summer months, frequent and 
daily syringing is required to prevent it overheating and wilting.  For healthy, vigorously 
growing creeping bentgrass, soils must have a high sand content to reduce soil 
compaction.  Soil pH should be kept between 5.5 to 6.5 (Dernoeden, 2013; Emmons and 
Rossi, 2016).  Mowing heights for creeping bentgrass can range from 2.5 mm to 12.7 
mm, due to its low growth habit.  Due to lower mowing heights, the plant root system is 
shallow leading to the necessity for high maintenance.  When mowed at lower heights 
(<3.2 mm), creeping bentgrass becomes more susceptible to disease infection, especially 
in humid climates (Dernoeden, 2013; Emmons and Rossi, 2016).  Creeping bentgrass 
tends to create excessive thatch, vertical mowing and topdressing are two practices that 
should be implemented regularly to decrease thatch buildup.   
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Weather extremes are major challenges in creeping bentgrass maintenance.  
During winter months, crown hydration, desiccation, and direct ice kill are often found.  
Crown hydration occurs when a plant experiences warmer weather and absorbs water, 
followed by later freezing temperatures. This leads to ice crystals forming in the crown of 
the plant and cause plant cells to rupture (Frank, 2015).  Desiccation occurs during winter 
months when plants dry out during dormancy or semi dormancy (Frank, 2015).  Other 
than winter stresses, summer stresses are the most difficult problems to control in 
creeping bentgrass.  During summer months, creeping bentgrass may experience 
problems from fungal diseases, heat, shade, water saturated soil, drought, and wear 
(Dernoeden, 2013).   
Drought and wilt stresses during the summer months occur rapidly in creeping 
bentgrass greens.  When heat stress is a factor and relatively dry root zones are present, 
creeping bentgrass will rapidly wilt.  Once the turf begins to wilt due to dry root zones 
and heat stress, it begins to develop a smoke-gray or bluish-purple color (Dernoeden, 
2013).  Thatch mats are also a major concern during summer months because thatch mats 
can dry out quickly causing creeping bentgrass to go into a state of drought dormancy 
(Dernoeden, 2013).  To allow creeping bentgrass to maintain a healthy state, syringing 
may be incorporated into a management plan.  Syringing applies a thin layer of water to 
wet the leaves of turf without excessive water applied to cause soil wetness.  The purpose 
of syringing is to permit applied water to evaporate, in order to cool off leaves and allow 
stomates to open (McCarty, 2011).   
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Because creeping bentgrass as a cool-season turfgrass, it is critical to prevent heat 
stress during the summer months.  Heat stress may cause turf to thin.  Turf thinning 
occurs more often in soils that are either very dry or saturated (Dernoeden, 2013).  Slow 
growth, low clipping yields, chlorosis or yellowing, browning, and thinning of turf are all 
typical symptoms of heat stress in creeping bentgrass.  Creeping bentgrass thrives in 
temperatures ranging from 18-26 °C.  Once soil and air temperatures are above 30 °C for 
a prolonged period of time, indirect heat stress in creeping bentgrass begins to occur (Fry 
and Haung, 2004).  Indirect heat stress causes chlorosis, turf stand deterioration, and 
eventual turf loss.  Direct heat stress occurs when temperatures increase rapidly to 40°C 
or higher for a short period of time (Dernoeden, 2013).  The most common direct heat 
stress is known as scald, which occurs when standing water remains during extreme 
temperatures.  Water absorbs heat from the sun, and plants can be killed or injured in a 
short period of time (Dernoeden, 2013).  When there are high levels of heat stress, 
respiration in the plant increases and carbohydrate production decreases (Dernoeden, 
2013).  This is unhealthy for the plant because carbohydrates are needed for energy and 
optimal shoot and root growth (Dernoeden, 2013).  Once carbohydrate production 
declines or is depleted, the ability of plants to recover from injuries is reduced, especially 
on greens where mowing height is extremely low (Dernoeden, 2013). 
Fertilization is key when managing creeping bentgrass.  Christians (2007) 
indicated for adequate turfgrass growth, native soils must consist of at least 50 kg of 
phosphorus (P) and 628 kg of potassium (K) per hectare.  Phosphorus content is largely 
controlled by soil anion exchange capacity.  Sand-based root zones have a low nutrient 
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holding capacity, which leads to insufficient amounts of P and K in the root zone; 
therefore, amendments shouls be made based on soil test results (Dernoeden, 2013).  
During a study on the effect of fertilization on ‘Penncross’ creeping bentgrass, 
Waddington et al. (1977) indicated when K was applied at 7.6 g m-2, both tissue 
concentrations and available soil K increased.  Tissue P was not greatly affected by soil P 
above 24 mg kg-1.  The authors also noted that P fertilization had little effect on clipping 
yield, but K fertilization increased plant growth, decreased severity of early spring 
chlorosis, and decreased severity of summer wilting.  Nitrogen (N) is a key nutrient in 
turfgrass management due to its effect on turf growth, green color, and recovery from 
some diseases (Dernoeden, 2013).  Creeping bentgrass greens in a sand-based root zone 
should receive about 15 to 30 g m-2 N annually; bentgrass greens grown in native soils 
should receive 15 to 20 g m-2 N annually (Dernoeden, 2013).  During the summer 
months, N is applied every one to two weeks in light applications, termed as spoon-
feeding at a rate of 0.5 to 1 g m-2 N.  For creeping bentgrass, most N fertilization is 
applied in late summer and autumn, but a third of the annual total is applied during the 
spoon-feeding stage.  Dernoeden (2013) indicates spoon-feeding bentgrass stimulates 
vigor, allowing bentgrass to compete with annual bluegrass and to recover quickly from 
wear and play.  Another important role N application plays is decreasing disease.  
Waddington (Waddington et al., 1977) noted less dollar spot (Sclerotinia homeocarpa 
F.T. Benn) infection with urea fertilization.   
A wide range of diseases can infect creeping bentgrass including dollar spot, 
brown patch (Rhizoctonia solani J.G. Kühn), Fusarium blight (Fusarium roseum Link. 
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and F. tricinctum Corda Sacc.), pink snow mold (Microdochium nivale Fr.), Pythium 
blight (Pythium spp. Pringsh.), and gray snow mold (Typhula incarnata Lasch ex Fr.) 
(Casler and Duncan, 2003).  Controlling these diseases is difficult because no single 
cultivar of creeping bentgrass displays total resistance to all of them, but some cultivars 
are less susceptible to certain diseases and can be used to reduce fungicide applications 
(Vincelli and Doney, 1997).   
 
Micronutrients Effects on Creeping Bentgrass 
Eight micronutrients are essential for plant growth. These include boron (B), 
copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), zinc (Zn), nickel (Ni), and 
chloride (Cl) (Marschner, 2012; St. John et al., 2013). Plants only require micronutrients 
in low concentrations. When in excessive concentrations, toxicity can occur.  For many 
of these nutrients, limited infrormation is known about levels applied to promote highest 
quality of growth for turfgrasses.  In a study done with B fertilization on creeping 
bentgrass, effects of B fertilization on clipping yield, shoot production, and turf color 
were studied (Guertal, 2004). The study was conducted in both a greenhouse (rates of 0, 
1, 2, 3 mg kg-1 B ha-1) and the field (rates of 0, 1.1, 2.2, and 4.4 kg B ha-1).  Bentgrass was 
grown in a sand and peat mix in the greenhouse and in a loamy sand putting green in the 
field study.  In both the greenhouse and field, shoot dry weight increased as B 
fertilization rates increased, but B fertilization rate did not influence clipping dry weight, 
thatch depth, shoot density, or turf color.  Guertal (2004) concluded B fertilization was 
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not needed in the loamy sand putting green and suggested future studies should evaluate 
B fertilization in sand-based greens in the greenhouse, since shoot dry weight increased.   
Faust and Christians (2000) conducted a greenhouse study evaluating effects of 
Cu on shoot growth and root development on ‘Penncross’ creeping bentgrass.  
Treatments ranged from 0 to 600 mg Cu kg-1.  Potential plant available copper levels 
were evaluated using a diethylenetriaminepentaacetic acid-triethanolamine (DTPA-TEA) 
soil test.  Silica and calcareous sands mixed with reed sedge peat were used in the study.  
Penncross plugs were allowed to grow for twelve weeks.  Copper was applied as cupric 
sulfate (CuSO45H2O). The pH of silica sand medium decreased from 6.8 to 5.4, while the 
pH of calcareous sand medium remained between 7.2 and 7.3.  The authors noted dry 
weight of clippings for plants grown in silica sand decreased 16% as copper treatments 
increased from 0 to 600 mg kg-1.  When dry root mass was examined at 600 mg kg-1 Cu, 
it was observed root mass was 56% (silica sand) and 48% (calcareous sand) lower than 
control treatments.  The DTPA-TEA soil test extracted, on average, 19% more copper 
from calcareous sand and 34% more copper from silica sand than were measured in plant 
roots, leading to the suggestion the DTPA-TEA test should not be used as a proxy for the 
plant availability of Cu (Faust and Christians, 2000).   
Xu and Mancino (2001) conducted a greenhouse study to determine how creeping 
bentgrass grown in sand-based soil reacted to different iron concentrations.  Pots were 
irrigated with half-strength Hoagland’s solution containing 0, 2, 4, 6, and 8 mg.L-1 Fe in 
the form of citrate-Fe.  For creeping bentgrass to maintain a desirable color, 6 mg.L-1 Fe 
was required.  Compared to annual bluegrass, creeping bentgrass growth was greater at 
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each level of Fe that was tested.  The study indicated shoot dry weights of creeping 
bentgrass increased with each application of Fe up to 6 mg.L-1.  The root growth of 
creeping bentgrass also increased with each application up to 6 mg.L-1 Fe, but decreased 
at Fe application rates of 8 mg.L-1 (Xu and Mancino, 2001).  
 
Annual Bluegrass 
Annual bluegrass, a C3 grassy weed, can be found almost anywhere in the world 
especially on golf courses and other fine turf areas.  Two different types of annual 
bluegrass exist, Poa annua var. annua, a winter annual, and Poa annua var. reptans, a 
perennial in wetter, more intensively managed sites as putting greens (Stier et al., 2013).  
Poa annua var. annua leaves are light-green and it may sometimes root from lower 
nodes.  Annual bluegrass displays a range of different traits such as color, shoot density, 
and life history (Stier et al., 2013).  Poa annua var. reptan has a dark green color, 
extremely short stature, and a shoot density similar to that of other green turfgrasses, 
leading it to be an important turfgrass for golf courses in cooler regions (Stier et al., 
2013).  During May and June, Poa annua var. annua produces seeds which germinate in 
late summer; it has shallow roots, and a more perpendicular growth pattern than Poa 
annua var. reptans (Emmons and Rossi, 2016). 
In irrigated, moist, well-maintained turfs up to 90% of the turf may be composed 
of the annual type of Poa annua, even though it may not have been planted there.  The 
recommended mowing height for greens is 3.2 mm and 12.7 mm in fairways for 
enhanced turf quality (Vargas and Turgeon, 2003).  Annual bluegrass displays frequent 
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seed head formation.  Seed heads have even formed after mowing lower than 3.2 mm 
(Vargas and Turgeon, 2003).  Frequent seed head appearances by annual bluegrass make 
it an undesirable turfgrass, as seed heads disrupt the uniformity of a turf stand.  Annual 
bluegrass leaf blades are normally 2 to 3 mm wide and when mowed at low mowing 
heights, annual bluegrass develops short, weak stolons.  When annual bluegrass is grown 
for turf use, it requires a high intensity of maintenance due to its shallow roots, especially 
after producing seed, and its vulnerability to heat stress. Frequent syringing is required 
during summer months.  When annual bluegrass is stressed and weakened during heat 
and drought stress, it becomes highly susceptible to disease, and fungicide treatments are 
required (Emmons and Rossi, 2016).  Fertility requirements are high when growing 
annual bluegrass (Emmons and Rossi, 2016). When maintained at a high level, Poa 
annua var. annua gradually transitions into Poa annua var. reptans and can be a very 
healthy turfgrass.  When killed by pests and stresses, Poa annua does not completely 
disappear because numerous seeds in the soil guarantee its reappearance when conditions 
are right (Emmons and Rossi, 2016). 
 
Perennial Ryegrass 
 Perennial ryegrass (Lolium perenne L.) is cool-season, fine to medium leaf 
textured turfgrass with a good shoot density (McCarty, 2011).  It is used in the northern 
regions of the United States for lawns, sports fields, golf courses, and roadsides.  In the 
southern and transition zone regions, it is a popular cool-season turfgrass used for 
overseeding when warm-season turfgrasses go dormant to provide the homeowner or 
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athlete with a satisfying green color and alive turf (McCarty, 2011).  It is sluggish to 
recover from divots because it is a bunch-type non-spreading turfgrass.  Perennial 
ryegrass expresses admirable wear resistance, desirable soil compaction tolerance, good 
drought tolerance, speedy establishment, is a bright-green color, and tolerates lower 
mowing heights than Kentucky Bluegrass (Poa pratensis L.) or tall fescue (Festuca 
arundinacea Schreb.), making this turfgrass one of the leading candidates for 
overseeding.  The downfalls of perennial ryegrass include its lack of shade tolerance, its 
vulnerability to grey leaf spot, which is expensive and difficult to control, and its 
susceptibility to Pythium blight (McCarty, 2011).   
Khalid and Tinsley (1980) conducted a Ni toxicity study on 4-week old perennial 
ryegrass using NiSO4, noting Ni toxicity and the relationship of Ni with other essential 
elements.  They found at every Ni concentration except the lowest (30 µg Ni g-1 soil) 
resulted in a lower shoot yield.  In contrast, Brown et al. (1989) reported that mature 
shoots of perennial ryegrass had Ni concentrations ranging from 1 to 4.5 µg Ni g-1 shoots. 
Khalid and Tinsley (1980) also noted that 50 µg Ni g-1 in shoots did not reduce dry matter 
production in ryegrass, but slight chlorosis was evident at this concentration.  
Concentrations of Ni and Fe in the shoots increased, while Mn and Zn concentrations 
decreased as Ni rates increased.  At every increase in Ni concentration level, Mn and Zn 
decreased, but Fe uptake slightly increased at the first two Ni levels, followed by a 
noticeable decrease as Ni concentrations increased.  When comparing turf quality of 
perennial ryegrasses, growth was reduced with 90 µg Ni g-1 soil, moderate chlorosis and 
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necrosis of leaves at 180 µg Ni g-1 soil, and stunted growth and severe chlorosis and 
necrosis of leaves at 270 µg Ni g-1 soil (Khalid and Tinsley, 1980).  
 
Nickel 
Nickel was classified as an essential plant micronutrient in 1987.  Nickel is 
typically a cation (Ni+2) in biological systems and can also be found as Ni+1 and Ni+3 
(Marschner, 2012).  Nickel is essential for animals, several bacteria, and one strain of 
blue-green algae (Eskew et al., 1984).  Studies have been conducted on low Ni 
concentrations in substrate and stimulation of germination and growth of various crop 
species (Mishra and Kar, 1974).  Plants require Ni for proper seed germination, and it is 
beneficial for N metabolism in legumes and other plants in which urea derived 
compounds (ureides) are important in metabolism (Gerendas et al., 1999).  In agriculture, 
the use of urea as a source of N has greatly increased due to low cost and effectiveness 
(Bremner, 1995).  For urea to become plant useable as ammonia, urease must first be 
stimulated by an interaction with two Ni atoms, followed by a reaction catalyzing the 
hydrolysis of urea (Rodríguez-Jiménez et al., 2016).  Urease plays a vital role in nitrogen 
metabolism.  Nitrogen metabolism can only occur when Ni is present, working as a 
cofactor of urease.  Without Ni, N metabolism may be blocked or reduced, and toxic 
levels of urea could accumulate within plant tissue (Rodríguez-Jiménez et al., 2016).  
Nickel can form stable complexes with cysteine and citrate, and in Ni enzymes; it is 
associated with various ligands (Thauer et al., 1980).  Bacteria require Ni as a metal 
component in urease and numerous hydrogenases and also acetogenic and methanogenic 
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bacteria (Ankel-Fuchs and Thauer, 1988).  Nickel is a required metal component in 
enzymes within biological systems and is required for reactions to occur.  Three ligands 
require Ni: O-ligands (urease), S-ligands (cysteine-residues, e.g., hydrogenase), and N-
ligands (tetrapyrrol structures) (Marschner, 2012).  Although Ni is recognized as an 
essential nutrient, Ni deficiencies seldom occur; toxicity symptoms are more common.  
Nickel is the fifth most abundant element by weight, the twenty-fourth most 
abundant element in the Earth’s crust (Cempel and Nikel, 2005), and comprises 
approximately 0.008% of the earth’s crust making it a natural constituent of soil and 
water (Ahmad and Ashraf, 2011).  In soil, Ni is typically uniformly dispersed throughout 
the soil profile, but can accumulate near the surface in areas where deposits from 
industrial and agricultural businesses occur (Cempel and Nikel, 2005).  Serpentine soils 
are found globally, but are sporadically located, and derived by the weathering of 
ultramafic rocks containing at least 70% ferromagnesian, or mafic minerals (Kruckeberg, 
2002).  The characteristics of serpentine soils vary by location.  Serpentine soils are 
generally found in open, steep locations with rocky layers and a have low water holding 
capacity (Rajakaruna and Boyd, 2014).  Whittaker (1954) identified three general traits 
common to serpentine soils that may vary by location: poor plant productivity for farm 
lands or timber lands, unique vegetative species, and vegetation types distinctly different 
from those of surstudying areas.  Serpentine soils differ from normal soil fertility models 
by producing extreme conditions in which only plant species that can tolerate such 
conditions then survive.   
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Conditions produced by serpentine soils include low calcium and high Mg 
concentrations, high levels of heavy metals including Ni, chromium, and cobalt, low 
levels of N along with poor N uptake, and deficiencies in essential plant nutrients such as 
P, K, and S (Rajakaruna and Boyd, 2014).  Plants that grow well in serpentine soils may 
be heavy metal hyperaccumulators, as they typically accumulate high concentrations of 
heavy metals and tolerate their presence in tissues.  Khalid and Tinsley (1980) noted that 
excess Ni was an important factor contributing to reduced plant growth in serpentine 
soils.  Nickel phytotoxicity varies with concentration of Ni in a soil solution as well as 
with plant species.  Some plant species display a tolerance to nickeliferrous soils where 
an accumulation of large quantities of Ni in their aerial tissues produced no adverse effect 
(Khalid and Tinsley, 1980).   
Nickel and other heavy metals tend to occur as inorganic complexes or are bound 
to organic matter, clays, and hydrous oxides of Fe, Mn, and Al, leading to frequent 
toxicities within the soil (Foy et al., 1978).  Nickel concentrations in soils range from 5 to 
500 mg kg-1, with an average of 50 mg kg-1 in soils (Liu et al., 2011).  Liu (2011) 
indicated that for crop production, soils contain a range of 3 to 1000 mg kg-1 of Ni. 
Deficiency of Ni in plants can result from numerous situations including low soil pH 
from decreased use of liming in agriculture, which reduces Ni availability in soils 
(Cempel and Nikel, 2005; de Macedo et al., 2016).  Plants grown in low pH soils are 
vulnerable to Ni deficiency (Liu et al., 2011), because Ni2+ is the available form of Ni for 
plants and readily oxidizes in low pH soils, becoming unavailable (Liu et al., 2011).  
Over application of Zn and Cu can also contribute to Ni deficiency in soils, because the 
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three elements share a common transport and uptake system (Liu et al., 2011).  Excessive 
liming raises soil pH and may also cause the soil to be deficient in plant-available Ni; 
thus necessitating Ni fertilization to ensure a healthy crop stand and yield (Liu et al., 
2011).  As organic matter and clay minerals increase in soil profiles, the adsorption of 
heavy metals tends to increase due to increases in soil pH (Kiekens, 1984; Smith, 1993).  
Low pH soils are ideal for heavy metal uptake, while high pH soils or changes that cause 
an increase in soil pH, such as liming, result in a reduction of heavy metal adsorption by 
plants (Davis and Coker, 1980).  Absence or deficiency of Ni in plants during foliage 
development disrupts assimilation of N and carbon (Bai et al., 2008).  Due to buildup of 
urea and lactic acids in Ni deficient plants, necrotic lesions and spots may be present 
signifying alterations in carbon metabolism relating predominantly to reduced respiration 
(Klucas et al., 1983; Wood et al., 2004). 
Nickel is readily absorbed by plants from soil and nutrient solutions, but Ni 
availability to plants depends on a number of factors within the soil or soil solution 
including concentration of Ni2+, plant metabolism, pH, presence of other metals, and 
organic matter composition (Chen et al., 2009; Kotapati et al., 2017).  Calcium ions play 
a major role in heavy metal uptake by plants from soil solutions (Marschner, 2012).  In 
the plant root system, soluble Ni uptake is carried out by passive diffusion and active 
transport, while insoluble Ni uptake is facilitated mainly by the process of endocytosis 
(Costa et al., 1994; Seregin and Kozhevnikova, 2006; Chen et al., 2009). 
Three factors determine the ratio of passive diffusion to active diffusion: plant 
species, form of Ni present, and soil or nutrient solution concentration (Vogel- Mikuš et 
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al., 2005).  Soluble Ni compounds are typically absorbed passively by cation transport 
system; whereas chelated Ni compounds are taken up through a secondary active 
transport via transport proteins specifically binding Ni (Wolfram et al., 1995).  Cataldo et 
al. (1978) noted that approximately half of the Ni taken up by plants is retained in plant 
roots.  Nickel is transported primarily from roots to shoots and to leaves within plants by 
the transpiration stream in the xylem; typically, organic acids and amino acids act as 
chelators to aid in movement in the xylem (Neumann and Chamel, 1986; Krupa et al., 
1993; Peralta-Videa et al., 2001; Yusuf et al., 2011).  Without chelation, movement of Ni 
and other heavy metals within the xylem would be non-existent due to cell walls retaining 
a high cation exchange capacity (Yusuf et al., 2011).  Due to its high mobility and 
essentiality, Ni is easily translocated from old to young leaves as well as buds, fruits, and 
seeds via the phloem (Ahmad and Ashraf, 2011).  In a study they conducted on 
sunflowers, Sajwan et al. (1996) discovered that Ni can enter the plant through its leaves.  
They noted that sunflower leaves translocated 37% of total foliar applied Ni and similar 
results were recorded in oats, soybean, tomato, and eggplant leaves when sprayed with a 
Ni solution (Sajwan et al., 1996; Hirai et al., 1993). 
Nickel toxicity is more prevalent a concern than Ni deficiency in soils, due to the 
application of sewage sludge that is typically high in Ni content (Brown et al.,1989).  
Application of sewage sludge to agricultural land has increased in popularity, resulting in 
slow accumulation of heavy metals within the cultivated zone of the soil (Coker, 1983).  
Other causes noted for increases in Ni concentration in the environment are metal mining, 
fossil fuel burning, vehicle emissions, fertilizer applications, and organic manures (Chen 
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et al., 2009).  Nickel present in toxic concentrations negatively affects plants through 
disruption of photosynthesis.  Excess Ni in plant tissues results in damage to 
photosynthetic structure and activity at nearly every level of its organization, including 
mesophyll and epidermal tissues, a decrease in chloroplast pigments, and overall 
decreasing chlorophyll content (Chen et al., 2009; Kotapati et al., 2017). 
Chen et al. (2009) noted that the thylakoid membrane and chloroplast grana 
structures are damaged by Ni.  Kotapati et al. (2017) also found that reduced chlorophyll 
content decreases photosynthetic rates and reduces organic build-up along with reduced 
shoot growth.  Nickel disrupts light harvesting complex II and the amounts of xanthopylls 
and carotenoids, which can result in increased production of free radicals causing 
oxidative stress (Chen et al., 2009).  Nickel also inhibits electron transport, primarily on 
the donor side of photosystem II and binding site for QB (Chen et al., 2009).  Kotapati et 
al. (2017) noted when heavy metals such as Ni are present in toxic amounts, chlorosis is 
caused by an inhibition of chlorophyll synthesis due to deficiencies of Fe and Mg.  Plants 
only require Ni in low concentrations, with most plants containing only 0.05 to 0.1 mg 
kg-1 Ni dry weight (Chen et al., 2009).  Annual plants require Ni applications at 0.56 kg 
ha-1 compared to nitrogen ranges of 8.96 kg ha-1 to 224 kg ha-1 (Liu et al., 2011).  Liu et 
al. (2011) indicated critical concentration of Ni in plant tissues required for normal shoot 
growth of urea-fed tomato and zucchini is about 1 mg kg-1, and plant tissue levels with a 
concentration greater than 10 mg kg-1 are considered to be toxic. 
With Ni pollution increasing, toxicity symptoms are more common than 
deficiency symptoms (Chen et al., 2009).  Symptoms of Ni toxicity include reduced root 
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and shoot growth, adverse effects on fruit yield and quality, decreased biomass 
production, leaf spotting, Fe deficiency leading to chlorosis, and foliar necrosis (Rahman 
et al., 2005; Ahmad and Ashraf, 2011).  Soils containing excess Ni have a negative 
impact on nutrient absorption by roots, impair plant metabolism, and inhibit 
photosynthesis and transpiration eventually resulting in reduced crop yields (Ahmad and 
Ashraf, 2011).  Anderson et al. (1979), Bollard (1983), and Farago and Cole (1988), 
demonstrated Ni toxicity at high concentrations in oats through numerous experiments. 
Critical toxicity levels in sensitive species are >10 mg kg-1 dry weight and >50 mg kg-1 
dry weight in moderately tolerant species (Gerendas et al., 1999).  The upper critical level 
of Ni concentration was defined by Beckett and Davies (1978), this is the level where a 
10% reduction in yield was noticed and presumed a 12-14 mg kg-1 dry weight reduction 
for barley and ryegrass.   
Compared to the other essential elements, Ni has a tremendously large range of 
concentrations detected within plant tissues, at the low end from (0.01-0.10 mg kg-1 dry 
weight, and at the high end >10 mg kg-1.  Gabbrielli et al. (1990) found that in sensitive 
species, Ni impaired root growth at levels below 5 µM, when Ca2+ supply was 
inadequate.  Toxic levels of Ni within soils and plants results in lower yields and 
disruptions in nutrient uptake processes that result in reduced uptake of some nutrient 
elements and increased uptake of others (Khalid and Tinsley, 1980).  Iron uptake and 
metabolism is believed to be inhibited by a surplus of Ni in soils, resulting in chlorosis 
and necrosis of plants.  Few studies have carefully evaluated the interrelationship 
between Fe and Ni, leaving the subject still open to debate (Khalid and Tinsley, 1980). 
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Previous studies suggest that Ni may also play a role in disease resistance.  Nickel 
salts sprayed on cereal crops have effectively limited rust infections (Forsyth and 
Peterson, 1960; Bachchhav et al., 1978).  Mishra and Kar (1974) determined that the 
absorption of Ni by treated host tissue and toxicity of Ni to germinating rust spores 
suppressed rust infections via direct Ni toxicity to the pathogen, rather than by indirectly 
altering host physiology.  In a study where Ni was applied to roots by Graham et al. 
(1985) the results found were contradicting to Mishra and Kar (1974).  This led Graham 
and Webb (1991) to conclude that Ni does not directly affect pathogens, rather that 
physiological changes in the host plant, influenced by Ni, allowed for resistance.  Graham 
et al. (1985) also discovered when cowpea plants deprived of Ni were supplied Ni, 
infection with Uromyces phaseoli was reduced by 50%.  Since the Ni treatment resulted 
in 1 mg Ni kg-1 DW compared to the control 0.03 mg Ni kg-1 DW, the resistance pathway 
has a higher Ni requirement than growth in general (Graham and Webb, 1991).  
Nickel plays an important role in N metabolism.  For foliar applied urea to be 
available and absorbed by the plant, it must first be converted to ammonium.  Urea 
conversion to ammonium requires Ni, causing urea-grown plants to be highly sensitive to 
inadequate Ni supply (Gerendás et al., 1999).  Urease, the key enzyme in nitrogen 
metabolism, catalyzes transformation of foliar applied urea to ammonium and urease 
contains two Ni ions at its active site (Dixon et al., 1975; Marschner, 2012).  Nickel is 
taken up by plants in the form of Ni+2 through the process of influx and efflux movement 
in plant roots (Stier et al., 2013).  Polacco (1977) supplied soybean with urea as the sole 
source of N without supplemental Ni.  Soybean growth was poor, and urease activity was 
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low. When Ni was added to the soybeans, growth and urease activity increased.  In plants 
with low Ni concentrations supplied with urea, urea toxicities were noted as severe 
necrosis of the leaf tips.  The roots of Ni deprived plants were fewer and shorter, shoots 
were less green with interveinal chlorosis and necrosis, and the terminal 2 cm of leaves 
failed to unfold (Marschner, 2012).  Shimada and Ando (1980) determined that tomato 
and soybean plants deprived of Ni accumulated urea in tissues of the plant and developed 
necrosis in leaf tips.  Similar trends in leaf tip necrosis after exposure to urea were 
reported for soybeans (Eskew et al., 1983, 1984) and cowpeas (Walker et al., 1985).  
Woody plants, pecan trees in particular, rely on timely storage, translocation, and cycling 
of N reserves for healthy plant growth (Bai et al., 2007).  Nickel deficiencies affect N 
metabolism and can influence plant N uptake efficiency and grower N management 
efficiency (Bai et al., 2007).  The lack of sufficient Ni in soils detrimentally impacts N 
metabolism in a range of crop species. 
Menchyk (2012) evaluated Ni toxicity in two warm-season turfgrasses, TifEagle 
bermudagrass and Diamond zoysiagrass (Zoysia matrella (L.) Merr.).  Nickel toxicity can 
negatively affect plant health in numerous ways, including: disrupting photosynthesis, 
induction of micronutrient deficiencies, oxidative stress, and reduction of growth.  The 
study included sixteen plugs each of the two turfgrasses, prior to treatment initiation each 
pot was flushed with a N solution.  Treatments consisted of four Ni levels supplied as 
NiCl2 (control, 400, 800, and 1600 µM).  The author reported Ni toxicity symptoms of 
black lesions and overall chlorosis exhibited at all four levels of Ni; and as Ni increased 
turf quality decreased.  As Ni levels increased, clipping yield decreased.  At 1600 µM of 
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Ni, clipping yields overall were reduced 46.4% compared to control for TifEagle, and 
Diamond exhibited a 34.1% overall reduction of clippings.  Nickel applications also 
showed signs of altering levels of other nutrients in turfgrasses.  At all Ni levels, lower P, 
Fe, and Cu concentrations were found, while Mn, Zn, and Mg increased as Ni levels 
increased in leaf tissue.  It may be possible that increasing Ni levels increased 
concentrations of these nutrients in plant tissues.  The author concluded as Ni increased, 
turf quality decreased, and black lesions and overall chlorosis were observed in all 
treatments (Menchyk, 2012).  
The importance of Ni in plant life cycles is not fully understood. However, Ni 
plays an important role in foliar applications of urea to turfgrasses; when Ni is present at 
low concentrations, urea accumulates and becomes toxic along, resulting in necrosis of 
the leaf tips.  If adequate Ni is available for plant uptake, these urea toxicity symptoms 
are ameliorated. 
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CHAPTER THREE 
NICKEL MICRONUTRIENT USE AND TOXICITIES IN COOL-SEASON 
GRASSES 
Introduction 
Creeping bentgrass is one of the most popular cool-season turfgrasses to be used 
for putting greens and tennis courts because it tolerates frequent and low mowing height, 
has a fine leaf texture, and provides a uniform playing surface.  Annual bluegrass is a 
problematic weed that is difficult to contain and disrupts visual turf quality.  Sewage 
sludge and wastewater have become popular fertilizer sources due to high organic matter 
and plant nutrient content.  However, degradation of agricultural soils has been observed 
over time as a result of heavy metal accumulation following long-term application of 
excessive fertilizer, sewage sludge, and wastewater (Singh, 2005; Kotapati et al., 2017).  
Heavy metals, like Ni, become toxic to plants and animals when concentrations increase 
beyond a threshold level, which differs among species.  Toxic concentrations of heavy 
metals can lead to environmental contamination, threatening the health of plants, wildlife, 
and human beings (Kotapati et al., 2017).  To date, no research has been conducted to 
determine Ni tolerance levels of cool-season turfgrasses or whether Ni may be used as a 
suppressant of annual bluegrass.   
Nickel is required by plants in minute quantities, therefore Ni deficiencies are 
rare.  In serpentine soils, or soils subject to increased industrial pollution, Ni toxicities in 
plants become a problem (Reeves et al., 1999; Chen et al., 2009).  Elevated levels of Ni 
in plant tissue can negatively affect plant vigor through a number of processes, including 
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disruption of photosynthesis, stimulation of micronutrient deficiencies, oxidative stress, 
chlorosis of leaves, and reduction in growth (Menchyk, 2012).  Presently there is little if 
any research on Ni tolerance of cool-season turfgrasses.  The goal of this study was to 
determine different Ni tolerances of two cultivars of creeping bentgrass (Seaside II and 
PennLinks II) and a weedy species mixture containing 61.4% annual bluegrass, 35.8% 
perennial ryegrass, 1.86% other crop seed, 0.87% inert matter, and 0.10% weed seed.  
The seed analysis report can be found in Appendix B.  The experiment was executed by 
applying a range of concentrations of Ni to turfgrasses and results were used to determine 
whether Ni can suppress annual bluegrass.  The objectives of this study were 1) to 
identify Ni tolerance levels of Seaside II creeping bentgrass, PennLinks II creeping 
bentgrass, and a weedy species mixture, 2) to determine whether Ni may be used as a 
suppressant of annual bluegrass, and 3) to document symptoms of Ni toxicity in cool-
season turfgrasses and the responses compared to the weedy species. 
 
Materials and Methods 
The experiment included two repeated studies in the growth room of Clemson 
University’s Greenhouse, Clemson SC. Round I ran from June 12- September 4, 2017 (12 
weeks).  Greenhouse conditions averaged 19.4 °C and 60.6% relative humidity.  
Maximum and minimum temperatures were 23.0 °C and 14.9 °C, respectively.  Round II 
ran from September 4 - November 27, 2017 (12 weeks).  Greenhouse conditions averaged 
20 °C and 58% relative humidity.  Maximum and minimum temperatures were 25.0 °C 
and 14.4 °C, respectively.  Greenhouse conditions also consisted of fourteen daylight 
 24 
hours (6:00am-8:00pm) each day, with average light intensity of 129.3 µmol s-1 m-2. 
Insecticides including abamectin (Lucid), potassium salts of fatty acids (M-Pede), 
azadirachtin (Azatin XL), bifenthrin (Talstar P), spinosad (Conserve SC), mineral oil 
(SuffOil-X), and chlorfenapyr (Pylon) were sprayed preventatively to control aphids and 
fungus gnats.  
Eighteen pots of each cultivar and species were seeded into 152 mm pots. 
Germination tests were conducted to determine seeding rates for each cultivar.  Tests 
were conducted by placing 100 seeds of each cultivar in a petri dish that were kept moist 
for 8 days in a dark space in the lab.  Germinated seedlings were counted to determine 
germination percentage: PennLinks II germination rate was 65%, Seaside II 85%, and 
weedy species mixture 100%.  From this, weight of seed per pot for each cultivar was 
calculated to apply an equal number of germinating seeds per pot: 0.261 g of PennLinks 
II, 0.199 g of Seaside II, and 1.000 g of weedy species.  The weedy species was seeded at 
1.000 g per pot permit the presence of more annual bluegrass seed in the mixture.  The 
growering medium was pure sand, with an average pH of 7.33.  Pots were watered every 
other day with 500 mL of water to maintain pots at field capacity.  A 10-3-5 nutrient 
solution (10N-1.3P-4.2K; Progressive Turf, Atlanta, GA), without micronutrients, was 
applied 2 weeks after planting and weekly until after the final Ni treatment.  The fertilizer 
was applied at a rate of 9.76 kg ha-1 of N.  Fertilizer was measured, dissolved in water in 
a volumetric flask, and applied using a beaker by pouring it evenly across the turfgrasses, 
with 50 mL per application per pot.  Before the first Ni application, turfgrasses were 
maintained at a height of 25.4 mm. Nickel treatments were applied 4 times a week for 7 
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weeks, the first application occurred 5 weeks after seeding.  The Ni solution was 
measured out using a volumetric flask and distributed onto the turfgrasses evenly using a 
graduated cylinder at a rate of 500 mL per pot per application.  Treatments consisted of 
six Ni levels supplied as NiSO4·6H2O (0, 200, 400, 800, 1600, and 3200 µg L
-1 Ni) to 
assess the Ni tolerance of each grass. 
 
Parameters Measured 
Turf Quality 
 Turf quality is a visual rating on a 1 to 9 scale with 9 being perfect turf no signs of 
stress, 1 being completely dead turf, and 6 being minimally acceptable quality turf.  
Turfgrasses were assessed on a weekly basis for turf quality readings. 
 
Normalized Difference Vegetative Index 
  Weekly measurements of Normalized Difference Vegetative Index (NDVI) were 
taken for eight weeks.  The NDVI was used to determine the density of green of the plant 
and is a unit of measure ranging from -1 to 1 that factors both red and near infrared light 
reflectance from the plant.  The NDVI readings were taken with a FieldScout TCM 500 
Turf Color Meter (Spectrum Technologies, Inc.).  Higher NDVI numbers indicate 
healthier and greener plants.  Three readings were taken per pot and averaged for each 
reading to give an accurate representation of each pots turf quality.    
 
Chlorophyll Index 
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 Chlorophyll index was measured on a weekly basis for eight weeks.  Chlorophyll 
index was measured using a FieldScout CM 1000 Chlorophyll Meter (Spectrum 
Technologies, Inc.).  Chlorophyll index is a relative unit of measure ranging from 0 to 
999.  Ambient and reflected 700 nm and 840 nm light are used to calculate the relative 
chlorophyll index.  A higher chlorophyll index is characterized by greener and healthier 
turf.  Three measurements were taken per pot and averaged to give an accurate 
representation of each pots turf quality. 
 
Clippings 
 Turfgrass clippings were harvested at the conclusion of the study.  Each pot was 
cut at a 12.7 mm height evenly across with stainless steel scissors.  Parameters measured 
in turfgrass clippings included: tissue nutrient concentration, Ni concentration, and 
clipping yield.  Clippings were oven-dried at 80°C for one week and then weighed to 
determine yield.  Clemson University soil and tissue testing lab conducted the tissue 
analysis using labeled ICP (Model ARCOS FHS12, Ametek Materials Analysis Division, 
Spectro Analytical Instruments GmbH Boschstrasse 10, 47533 Kleve, Germany).  Nickel 
tissue concentration was measured in mg kg-1. 
 
Root Biomass 
 Root dry mass was harvested and evaluated at the conclusion of the second 
experiment to determine root yield of each turfgrass at different Ni concentrations.  To 
harvest roots, soil was removed from each soil sample via rinsing in water, roots were cut 
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from the base of the thatch and placed in an oven at 80.0 °C for one week, samples were 
then weighed.  Following oven drying, roots were placed in a muffle furnace (Benchtop 
Muffle Furnace LMF-A550, Omega Engineering, Inc., Stamford, CT) at 525 °C for three 
hours to provide ash organic weight (Snyder and Cisar, 2000).  Samples were weighed 
again then subtracted from the original dry weight, determining total root biomass (g). 
 
Verdure 
 Verdure samples included the crown and roots left behind after taking clippings 
and root samples.  Verdure is the measure of aerial shoots remaining after clipping 
(Turgeon, 2012).  Once removed, the verdure layer was placed in a paper bag and oven 
dried at 80.0°C for 2 weeks.  Remaining sand was removed by sieving the verdure layer.  
Remaining organic matter was then weighed.  To give a total biomass for the verdure 
layer, the oven dried samples were placed in a muffle furnace (Benchtop Muffle Furnace 
LMF-A550, Omega Engineering, Inc., Stamford, CT) at 525 °C for three hours to 
provide ash organic weight (Snyder and Cisar, 2000). 
 
Total Biomass 
 Total biomass was calculated by adding clipping weight, root biomass, and 
verdure biomass for each pot. 
 
Data Analysis 
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 Treatments were arranged in a randomized complete block design.  Data were 
analyzed using ANOVA with JMP 9.0 (SAS Institute Inc. Cary, NC).  Mean separations 
were performed using a student’s t test to determine (α ≤ 0.05) at each concentration level 
and to determine which concentrations were statistically (α≤ 0.05) significant.  
 
Results  
 
Turf Quality 
 Comparing round I and II data, impact of Ni on turf quality over time differed by 
round, thus the rounds are discussed separately (Table 3.1 and 3.2). Turf quality was 
impacted by Ni treatments to varying degrees across the three turfgrasses.  Analysis of 
week one showed no differences between grasses, concentrations, or interactions between 
grass and concentration. By week three, Seaside II showed the highest turf quality, then 
PennLinks II, and the weedy species displayed the lowest turf quality.  By week three, Ni 
concentrations in turf clippings differed, and as Ni concentration increased, turf quality 
decreased (Figure 3.1). 
When analyzing interactions, Seaside II displayed acceptable turf quality at all Ni 
concentrations until week four, and in week four falls below acceptable turf quality at 
3200 µg L-1 Ni.  Seaside II displayed acceptable turf quality at 800 µg L-1 Ni and teetered 
on the line of acceptable turf quality at 1600 µg L-1 Ni.  Seaside II turf quality at eight 
weeks, ranged from 8.0 (control) to 7.0 (200, 400, and 800 µg L-1 Ni), 6.3 (1600 µg L-1 
Ni), and 5.7 (3200 µg L-1 Ni) for other exposure concentrations (Table 3.1, Figure 3.1A). 
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PennLinks II remained at acceptable turf quality at all concentration levels until 
week three, but fell below acceptable turf quality in week three at 3200 µg L-1 Ni.  
Acceptable turf quality was displayed in PennLinks II across all eight weeks at 400 µg L-
1 Ni, and teetered on the line of acceptable turf quality at 800 µg L-1 Ni.  PennLinks II 
turf quality at eight weeks, ranged from 8.0 (control) to 7.0 (200, 400, and 800 µg L-1 Ni), 
5.0 (1600 µg L-1 Ni), and 2.3 (3200 µg L-1 Ni) for other exposure concentrations (Table 
3.1, Figure 3.1B).   
An immediate decrease in turf quality was noted for the weedy species. Week two 
resulted in unacceptable turf quality beginning at 800 µg L-1 Ni.  Over eight weeks, 
acceptable turf quality was displayed only at the control and 200 µg L-1 Ni.  The turf 
quality of the weedy species at eight weeks, ranged from 8.0 (control) to 7.0 (200 µg L-1 
Ni), 6.0 (400 µg L-1 Ni), 5.0 (800 µg L-1 Ni), 4.0 (1600 µg L-1 Ni), and 2.3 (3200 µg L-1 
Ni) for other exposure concentrations (Table 3.1, Figure 3.1C). 
 Round II showed similar trends. No differences were noted between grass or 
interactions of grass x Ni concentration at week one (Table 3.2).  Turf quality differed 
among the three grasses at week two and for subsequent weeks, with the highest quality 
rating for Seaside II then PennLinks II; the weedy species displayed the lowest turf 
quality.  By week three, the turf quality of all grasses differed at all Ni concentrations, 
and as Ni concentration increased, turf quality decreased (Figure 3.2).   
When analyzing interactions, Seaside II displayed acceptable turf quality at all 
concentrations until week four and in week four falls below acceptable turf quality at 
1600 and 3200 µg L-1 Ni.  Seaside II displayed acceptable turf quality at 800 µg L-1 Ni 
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and teetered on the line of acceptable turf quality at 1600 µg L-1 Ni.  At the conclusion of 
eight weeks, turf quality ranged from 7.7 (control), 8.0 (200 µg L-1 Ni), 7.3 (400 µg L-1 
Ni), 7.0 (800 µg L-1 Ni), 6.0 (1600 µg L-1 Ni), and 3.3 (3200 µg L-1 Ni) (Table 3.2, Figure 
3.2A).  
PennLinks II retained acceptable turf quality until week three at all Ni 
concentrations, but fell below acceptable turf quality in week three at 1600 and 3200 µg 
L-1 Ni.  Acceptable turf quality was displayed in PennLinks II across eight weeks at 400 
µg L-1 Ni and teetered on the line of acceptable turf quality at 800 µg L-1 Ni.  At the 
conclusion of eight weeks, turf quality ranged from 7.7 (control), 8.0 (200 µg L-1 Ni), 7.0 
(400 µg L-1 Ni), 7.0 (800 µg L-1 Ni), 4.3 (1600 µg L-1 Ni), and 1.3 (3200 µg L-1 Ni) 
(Table 3.2, Figure 3.2B). 
Weedy species in week two resulted in unacceptable turf quality at 3200 µg L-1 
Ni.  Over eight weeks, weedy species teetered on acceptable turf quality at 200 µg L-1 Ni.  
At the conclusion of eight weeks, turf quality ranged from 8.0 (control), 7.0 (200 µg L-1 
Ni), 5.0 (400 µg L-1 Ni), 4.3 (800 µg L-1 Ni), 2.7 (1600 µg L-1 Ni), and 1.3 (3200 µg L-1 
Ni) (Table 3.2, Figure 3.2C).  
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Table 3.1 Visual turfgrass quality ratings of Seaside II (SS) creeping bentgrass, 
PennLinks II (PL) creeping bentgrass, and a weedy species (WS) mixture in response 
to nickel (Ni) application in round I. 
 Week 
 1 2 3 4 5 6 7 8 
Turf Quality 
Grass 
SS 6.9 a 6.9 a 7.1 a 6.8 a 6.7 a 6.6 a 6.8 a 6.8 a 
PL 6.8 a 6.8 a 6.3 b 6.2 b 6.2 b 5.9 b 6.0 b 6.1 b 
WS 6.7 a 5.8 b 5.0 c 4.9 c 5.8 c 5.6 c 5.7 c 5.4 c 
Std Error ±0.10 ±0.11 ±0.08 ±0.09 ±0.06 ±0.10 ±0.06 ±0.06 
Ni Concentration (µg L-1 of Ni) 
0 6.8 a 6.8 a 7.2 a 7.4 a 7.8 a 8.0 a 8.0 a 8.0 a 
200 6.7 a 6.7 ab 6.7 b 6.6 b 6.9 b 7.1 b 7.1 b 7.0 b 
400 6.9 a 6.7 ab 6.3 c 6.3 b 6.4 c 6.4 c 6.7 c 6.7 c 
800 6.8 a 6.4 abc 5.9 d 5.9 c 6.3 c 6.1 c 6.3 d 6.3 d 
1600 7.0 a 6.3 bc 5.4 e 5.1 d 5.7 d 5.0 d 5.3 e 5.1 e 
3200 6.7 a 6.2 c 5.1 f 4.6 e 4.2 e 3.4 e 3.6 f 3.4 f 
Std Error ±0.14 ±0.15 ±0.11 ±0.13 ±0.09 ±0.14 ±0.09 ±0.09 
Grass*Ni 
Grass Ni  
SS 0 7.0 a 7.0 a 8.0 a 8.0 a 8.0 a 8.0 a 8.0 a 8.0 a 
 200 6.7 a 7.0 a 7.0 b 7.0 b 7.0 bc 7.0 bc 7.0 b 7.0 b 
 400 6.7 a 7.0 a 7.0 b 7.0 b 7.0 bc 7.3 ab 7.0 b 7.0 b 
 800 7.0 a 7.0 a 7.0 b 7.0 b 7.0 bc 6.3 cd 7.0 b 7.0 b 
 1600 7.0 a 7.0 a 6.3 cd 6.0 c 6.0 e 5.7 def 6.0 c 6.3 c 
 3200 7.0 a 6.7 ab 7.0 b 5.7 cd 5.0 f 5.0 f 5.7 c 5.7 d 
PL 0 7.0 a 7.0 a 7.0 b 7.7 a 7.3 b 8.0 a 8.0 a 8.0 a 
 200 6.7 a 7.0 a 7.0 b 6.7 b 6.7 cd 7.3 ab 7.3 b 7.0 b 
 400 7.0 a 7.0 a 6.7 bc 6.7 b 6.3 de 6.0 de 7.0 b 7.0 b 
 800 6.7 a 6.7 ab 6.0 d 6.0 c 6.0 e 6.0 de 6.0 c 7.0 b 
 1600 7.0 a 6.3 abc 6.0 d 5.3 de 6.0 e 5.3 ef 5.0 d 5.0 e 
 3200 6.7 a 6.7 ab 5.0 ef 5.0 ef 4.7 f 3.0 h 2.7 e 2.3 g 
WS 0 6.3 a 6.3 abc 6.7 bc 6.7 b 8.0 a 8.0 a 8.0 a 8.0 a 
 200 6.7 a 6.0 bcd 6.0 d 6.0 c 7.0 bc 7.0 bc 7.0 b 7.0 b 
 400 7.0 a 6.0 bcd 5.3 e 5.3 de 6.0 e 6.0 de 6.0 c 6.0 cd 
 800 6.7 a 5.7 cd 4.7 f 4.7 f 6.0 e 6.0 de 6.0 c 5.0 e 
 1600 7.0 a 5.7 cd 4.0 g 4.0 g 5.0 f 4.0 g 5.0 d 4.0 f 
 3200 6.3 a 5.3 d 3.3 h 3.0 h 3.0 g 2.3 h 2.3 e 2.3 g 
Std Error ±0.24 ±0.26 ±0.19 ±0.22 ±0.16 ±0.24 ±0.16 ±0.16 
ANOVA 
Source Df         
Grass 2 NS *** *** *** *** *** *** *** 
Ni 5 NS NS *** *** *** *** *** *** 
Grass*Ni 10 NS NS *** * *** *** *** *** 
Round 1 *** *** *** NS ** ** *** *** 
† Values connected by the same letter are not significantly different at α = 0.05. 
§ Turfgrass quality based on a visual scale of 1-9 with 1=dead turf and 9=perfect turf, ≥6 indicates 
acceptable turfgrass quality. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 
probability level. 
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Figure 3.1 Turf quality of Seaside II (SS-A), PennLinks II (PL-B), and weedy species 
(WS-C) as affected by Ni concentration over eight weeks in round I.  
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Table 3.2 Visual turfgrass quality ratings of Seaside II (SS) creeping bentgrass, 
PennLinks II (PL) creeping bentgrass, and a weedy species (WS) mixture in 
response to nickel (Ni) application in round II. 
 Week 
 1 2 3 4 5 6 7 8 
Turf Quality 
Grass 
SS 7.7 a 7.5 a 7.0 a 6.8 a 6.7 a 6.7 a 6.5 a 6.5 a 
PL 7.6 a 7.1 b 6.2 b 6.0 b 6.1 b 5.7 b 5.8 b 5.9 b 
WS 7.9 a 6.4 c 5.6 c 5.4 c 5.2 c 4.8 c 5.2 c 4.7 c 
Std Error ±0.11 ±0.10 ±0.07 ±0.09 ±0.11 ±0.12 ±0.10 ±0.12 
Ni Concentration (µg L-1 of Ni) 
0 8.0 a 7.6 ab 7.8 a 8.0 a 8.0 a 8.0 a 8.0 a 7.8 a 
200 7.4 b 7.7 a 7.4 b 7.4 b 7.3 b 6.9 b 7.3 b 7.7 a 
400 7.7 ab 7.2 b 6.4 c 6.7 c 6.8 c 6.3 c 6.7 c 6.4 b 
800 7.9 a 6.8 c 6.0 d 6.0 d 6.0 d 5.9 c 6.0 d 6.1 b 
1600 7.7 ab 6.6 cd 5.2 e 4.9 e 4.7 e 4.6 d 4.7 e 4.3 c 
3200 7.8 ab 6.3 d 4.6 f 3.6 f 3.1 f 2.8 e 2.6 f 2.0 d 
Std Error ±0.15 ±0.14 ±0.10 ±0.13 ±0.16 ±0.18 ±0.14 ±0.18 
Grass*Ni 
Grass Ni  
SS 0 8.0 a 8.0 a 8.0 a 8.0 a 8.0 a 8.0 a 8.0 a 7.7 ab 
 200 7.3 a 8.0 a 8.0 a 8.0 a 8.0 a 8.0 a 8.0 a 8.0 a 
 400 7.7 a 7.3 ab 7.0 c 7.3 b 7.3 ab 7.3 ab 7.0 b 7.3 ab 
 800 8.0 a 7.3 ab 7.0 c 7.0 bc 6.7 bc 7.3 ab 6.7 bc 7.0 b 
 1600 7.7 a 7.3 ab 6.0 de 5.7 de 6.0 cd 6.0 cde 6.0 c 6.0 c 
 3200 7.7 a 7.0 bc 6.0 de 5.0 f 4.3 f 4.0 h 3.3 e 3.3 e 
PL 0 8.0 a 7.7 ab 7.7 ab 8.0 a 8.0 a 8.0 a 8.0 a 7.7 ab 
 200 7.3 a 7.3 ab 7.3 bc 7.3 b 7.3 ab 6.7 bc 7.0 b 8.0 a 
 400 7.3 a 8.0 a 6.0 de 6.7 c 7.0 b 6.3 cd 7.0 b 7.0 b 
 800 7.7 a 7.0 bc 6.0 de 5.7 de 6.0 cd 5.7 def 6.3 bc 7.0 b 
 1600 7.7 a 6.3 cd 5.7 e 5.0 f 5.0 ef 5.0 fg 4.7 d 4.3 d 
 3200 7.7 a 6.3 cd 4.7 f 3.3 h 3.0 g 2.3 i 2.3 f 1.3 f 
WS 0 8.0 a 7.0 bc 8.0 a 8.0 a 8.0 a 8.0 a 8.0 a 8.0 a 
 200 7.7 a 7.7 ab 7.0 c 7.0 bc 6.7 bc 6.0 cde 7.0 b 7.0 b 
 400 8.0 a 6.3 cd 6.3 d 6.0 d 6.0 cd 5.3 efg 6.0 c 5.0 d 
 800 8.0 a 6.0 d 5.0 f 5.3 ef 5.3 de 4.7 gh 5.0 d 4.3 d 
 1600 7.7 a 6.0 d 4.0 g 4.0 g 3.0 g 2.7 i 3.3 e 2.7 e 
 3200 8.0 a 5.7 d 3.0 h 2.3 i 2.0 h 2.0 i 2.0 f 1.3 f 
Std Error ±0.26 ±0.25 ±0.18 ±0.22 ±0.27 ±0.30 ±0.24 ±0.30 
ANOVA 
Source Df         
Grass 2 NS *** *** *** *** *** *** *** 
Ni 5 NS *** *** *** *** *** *** *** 
Grass*Ni 10 NS * *** *** ** *** *** *** 
Round 1 *** *** *** NS ** ** *** *** 
† Values connected by the same letter are not significantly different at α = 0.05. 
§ Turfgrass quality based on a visual scale of 1-9 with 1=dead turf and 9=perfect turf, ≥6 indicates 
acceptable turfgrass quality. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 
0.001 probability level. 
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Figure 3.2 Turf quality of Seaside II (SS-A), PennLinks II (PL-B), and weedy species 
(WS-C) as affected by Ni concentration over eight weeks in round II.  
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NDVI 
Comparing round I and II data, impact of Ni on NDVI differed over time by 
round, thus the studies are discussed separately (Table 3.3 and 3.4). Week one, no 
differences were evident among grasses, Ni exposure concentrations, or their interactions.  
Week three resulted in significant differences between all three turfgrasses as Seaside II 
showed the highest NDVI rating, PennLinks II, and weedy species displayed the lowest 
NDVI. Week four, concentrations were all significantly different with the exception of 
400 and 800 µg L-1 Ni being not significant, and as Ni concentration increased NDVI and 
turf quality decreased (Figure 3.3).  
When analyzing interactions, Seaside II displayed acceptable NDVI at all 
concentrations throughout the entire eight-week study. Seaside II teetered on the line of 
acceptable NDVI at 3200 µg L-1 Ni in week five through week eight. At the conclusion of 
eight weeks, NDVI ranged from 0.762 (control), 0.766 (200 µg L-1 Ni), 0.757 (400 µg L-1 
Ni), 0.718 (800 µg L-1 Ni), 0.674 (1600 µg L-1 Ni), and 0.614 (3200 µg L-1 Ni) (Table 
3.3, Figure 3.3A).  
PennLinks II remained at acceptable NDVI at all concentrations until week four, 
but fell below acceptable NDVI in week four at 3200 µg L-1 Ni. Acceptable NDVI was 
displayed in PennLinks II across eight weeks at 800 µg L-1 Ni and resulted in 
unacceptable NDVI at 3200 µg L-1 Ni in week four through week eight. At the 
conclusion of eight weeks, NDVI resulted in 0.774 (control), 0.772 (200 µg L-1 Ni), 
0.755 (400 µg L-1 Ni), 0.716 (800 µg L-1 Ni), 0.653 (1600 µg L-1 Ni), and 0.392 (3200 µg 
L-1 Ni) (Table 3.3, Figure 3.3B).  
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Weedy species retained acceptable NDVI until week three at all concentration 
levels but fell below acceptable NDVI in week three at 3200 µg L-1 Ni. Over eight weeks, 
acceptable NDVI was displayed at 800 µg L-1 Ni. It was noted in week four, NDVI of 
weedy species teetered at acceptable turf at 1600 µg L-1 Ni until the conclusion of the 
study.  Analysis of 3200 µg L-1 Ni found NDVI of weedy species to be unacceptable in 
week three and remain unacceptable until the conclusion of the study. At the conclusion 
of eight weeks, NDVI resulted in 0.787 (control), 0.783 (200 µg L-1 Ni), 0.771 (400 µg L-
1 Ni), 0.735 (800 µg L-1 Ni), 0.629 (1600 µg L-1 Ni), and 0.407 (3200 µg L-1 Ni) (Table 
3.3, Figure 3.3C).  
Round II showed similar trends. Week three resulted in significant differences 
between all three turfgrasses as Seaside II resulted in the highest NDVI rating and weedy 
species displayed the lowest NDVI. Week four, concentrations were all significantly 
different with the exception of control and 200 µg L-1 Ni being not significant, but trend 
followed as Ni concentration increased turf quality decreased (Figure 3.4).  
When analyzing interactions, Seaside II displayed acceptable NDVI at all 
concentrations except 3200 µg L-1 Ni throughout the entire eight-week study. Acceptable 
NDVI was lost at 3200 µg L-1 Ni in week five and remained below until the conclusion of 
the study. At the conclusion of eight weeks, NDVI ranged from 0.741 (control), 0.754 
(200 µg L-1 Ni), 0.742 (400 µg L-1 Ni), 0.723 (800 µg L-1 Ni), 0.673 (1600 µg L-1 Ni), 
and 0.484 (3200 µg L-1 Ni) (Table 3.4, Figure 3.4A).  
PennLinks II maintained acceptable NDVI through week four at all concentration 
levels but fell below acceptable NDVI in week five at 3200 µg L-1 Ni. PennLinks II 
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teetered on the line of acceptable NDVI at 1600 µg L-1 Ni in week three through week 
eight. At the conclusion of eight weeks, NDVI resulted in 0.761 (control), 0.747 (200 µg 
L-1 Ni), 0.729 (400 µg L-1 Ni), 0.700 (800 µg L-1 Ni), 0.601 (1600 µg L-1 Ni), and 0.443 
(3200 µg L-1 Ni) (Table 3.4, Figure 3.4B).  
Weedy species retained acceptable NDVI until week five at all concentration 
levels, but fell below acceptable NDVI in week five at 3200 µg L-1 Ni. Over eight weeks, 
acceptable NDVI was displayed at 800 µg L-1 Ni.  The NDVI of the weedy species fell 
below acceptable quality at week seven (1600 µg L-1 Ni) and week five (3200 µg L-1 Ni) 
(Figure 3.4).  At the conclusion of eight weeks, NDVI resulted in 0.755 (control), 0.730 
(200 µg L-1 Ni), 0.695 (400 µg L-1 Ni), 0.675 (800 µg L-1 Ni), 0.545 (1600 µg L-1 Ni), 
and 0.354 (3200 µg L-1 Ni) (Table 3.4, Figure 3.4C).   
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 Table 3.3 NDVI readings of Seaside II (SS)creeping bentgrass, PennLinks II (PL) 
creeping bentgrass, and a weedy species (WS) mixture in response to nickel (Ni) 
application in round I. 
 Week 
 1 2 3 4 5 6 7 8 
NDVI 
Grass 
SS 0.745 a     0.726 a 0.714 a 0.713 a 0.709 a 0.736 a 0.731 a 0.715 a 
PL 0.740 a 0.724 a 0.695 b 0.685 b 0.691 b 0.690 b 0.681 b 0.688 b 
WS 0.744 a 0.726 a 0.651 c 0.645 c 0.658 c 0.673 c 0.680 b 0.677 b 
Std Error ±0.005 ±0.005 ±0.005 ±0.004 ±0.005 ±0.005 ±0.006 ±0.006 
Ni Concentration (µg L-1 of Ni) 
0 0.738 a 0.744 a 0.725 a 0.751 a 0.768 a 0.783 a 0.780 a 0.774 a 
200 0.753 a 0.734 ab 0.717 a 0.733 b 0.755 ab 0.776 ab 0.777 a 0.774 a 
400 0.744 a 0.732 abc 0.706 a 0.733 b 0.742 b 0.762 b 0.761 a 0.761 a 
800 0.743 a 0.714 cd 0.683 b 0.686 c 0.693 c 0.722 c 0.727 b 0.723 b 
1600 0.738 a 0.720 bcd 0.664 b 0.635 d 0.629 d 0.644 d 0.650 c 0.652 c 
3200 0.744 a 0.710 d 0.621 c 0.548 e 0.525 e 0.510 e 0.489 d 0.476 d 
Std Error ±0.007 ±0.006 ±0.007 ±0.006 ±0.007 ±0.007 ±0.008 ±0.008 
Grass*Ni 
Grass Ni  
SS 0 0.739 a 0.751 a 0.733 ab 0.736 ab 0.739 bc 0.773 abcd 0.778 a 0.762 ab 
 200 0.761 a 0.727 abcdef 0.734 a 0.734 ab 0.740 bc 0.777 abcd 0.771 ab 0.766 ab 
 400 0.734 a 0.730 abcdef 0.728 ab 0.749 a 0.749 abc 0.784 ab 0.765 abc 0.757 abc 
 800 0.753 a 0.702 ef 0.722 abc 0.715 bcd 0.701 de 0.742 def 0.737 bcd 0.718 cd 
 1600 0.733 a 0.719 bcdef 0.693 cde 0.690 cd 0.680 e 0.697 g 0.694 e 0.674 e 
 3200 0.752 a 0.728 abcdef 0.672 ef 0.652 f 0.642 f 0.643 h 0.640 f 0.614 f 
PL 0 0.742 a 0.750 ab 0.743 a 0.764 a  0.782 a 0.790 a 0.780 a 0.774 ab 
 200 0.741 a 0.744 abc 0.734 a 0.748 a 0.773 ab 0.779 abc 0.775 ab 0.772 ab 
 400 0.758 a 0.729 abcdef 0.717 abcd 0.735 ab 0.747 abc 0.747 cde 0.757 abcd 0.755 abcd 
 800 0.729 a 0.715 cdef 0.689 cde 0.686 de 0.695 de 0.709 fg 0.718 de 0.716 d 
 1600 0.738 a 0.711 def 0.671 ef 0.643 f  0.637 f 0.645 h 0.645 f 0.653 ef 
 3200 0.731 a 0.698 f 0.616 g 0.537 h 0.510 h 0.467 j 0.414 g 0.392 g 
WS 0 0.732 a 0.733 abcde 0.700 bcde 0.753 a 0.783 a 0.787 ab 0.783 a 0.787 a 
 200 0.756 a 0.733 abcde 0.683 de 0.717 bc 0.753 abc 0.772 abcd 0.786 a 0.783 a 
 400 0.740 a 0.737 abcd 0.674 e 0.715 bcd 0.732 cd 0.754 bcd 0.761 abc 0.771 ab 
 800 0.747 a 0.725 abcdef 0.639 fg 0.657 ef 0.684 e 0.715 efg 0.726 cde  0.735 bcd 
 1600 0.742 a 0.729 abcdef 0.629 g 0.574 g 0.571 g 0.590 i 0.610 f 0.629 f 
 3200 0.748 a 0.703 ef 0.579 h 0.455 i 0.423 i 0.420 k 0.414 g 0.407 g 
Std Error ±0.012 ±0.011 ±0.012 ±0.011 ±0.013 ±0.012 ±0.014 ±0.014 
ANOVA 
Source Df         
Grass 2 NS NS *** *** *** *** *** *** 
Ni 5 NS ** *** *** *** *** *** *** 
Gr*Ni 10 NS NS NS *** *** *** *** *** 
Round 1 *** *** *** *** NS *** *** *** 
† Values connected by the same letter are not significantly different at α = 0.05. 
§ NDVI is a measure of turfgrass color from 0.000 to 1.000. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level. 
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Figure 3.3 NDVI of Seaside II (SS-A), PennLinks II (PL-B), and weedy species (WS-C) 
as affected by Ni concentration over eight weeks in round I.   
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Table 3.4 NDVI readings of Seaside II (SS) creeping bentgrass, PennLinks II (PL) 
creeping bentgrass, and a weedy species (WS) mixture in response to nickel (Ni) 
application in round II. 
 Week 
 1 2 3 4 5 6 7 8 
NDVI 
Grass 
SS 0.799 b     0.748 a 0.716 a 0.722 a 0.709 a 0.697 a 0.677 a 0.686 a 
PL 0.796 b 0.745 a 0.702 b 0.697 b 0.680 b 0.674 b 0.654 a 0.664 b 
WS 0.810 a 0.741 a 0.712 ab 0.723 a 0.686 b 0.661 b 0.615 b 0.626 c 
Std Error ±0.001 ±0.003 ±0.004 ±0.005 ±0.005 ±0.007 ±0.008 ±0.008 
Ni Concentration (µg L-1 of Ni) 
0 0.803 ab 0.765 a 0.756 a 0.770 a 0.767 a 0.754 a 0. 725 a 0. 752 a 
200 0.801 ab 0.760 a 0.751 a 0.757 a 0.753 ab 0.738 ab 0.712 ab 0.744 a 
400 0.802 ab 0. 756 a 0.730 b 0.738 b 0.737 b 0.720 bc 0.694 ab 0.722 ab 
800 0.805 a 0.741 b 0.713 c 0.713 c 0.695 c 0.694 c 0.683 b 0.700 b 
1600 0.799 b 0.732 c 0.656 d 0.678 d 0.638 d 0.635 d 0.613 c 0.607 c 
3200 0.799 b 0.714 b 0.655 d 0.627 e 0.560 e 0.523 e 0.463 d 0.427 d 
Std Error ±0.002 ±0.004 ±0.005 ±0.006 ±0.007 ±0.010 ±0.012 ±0.011 
Grass*Ni 
Grass Ni  
SS 0 0.799 cdef 0.768 ab 0.746 abc 0.768 abc 0.758 ab 0.740 abc 0.715 abc 0.741 abc 
 200 0.799 cdef 0.772 a 0.757 ab 0.756 bcd 0.754 ab 0.752 abc 0.727 ab 0.754 ab 
 400 0.800 cde 0.751 abc 0.721 c 0.734 def 0.753 ab 0.743 abc 0.721 ab 0.742 abc 
 800 0.799 cdef 0.753 abc 0.733 bc 0.737 
cdef 
0.731 b 0.718 abcd 0.704 abcd 0.723 
abcde 
 1600 0.798 cdef 0.708 g 0.678 d 0.706 fg 0.672 d 0.684 d 0.672 bcd 0.673 e 
 3200 0.797 def 0.738 cdef 0.663 de 0.631 h 0.586 gh 0.548 f 0.520 gh 0.484 h 
PL 0 0.797 def 0.768 ab 0.756 ab 0. 752 bcd 0.775 a 0.764 a 0.727 ab 0.761 a 
 200 0.794 ef 0.750 abcd 0.742 abc 0.740 cde 0.748 ab 0.735 abc 0.720 ab 0.747 abc 
 400 0.798 cdef 0.768 ab 0.732 bc 0.732 def 0.728 bc 0.712 bcd 0.708 abcd 0.729 abcd 
 800 0.805 bcd 0.728 defg 0.684 d 0.685 g 0.660 de 0.680 d 0.686 abcd 0.700 bcde 
 1600 0.790 f 0.717 fg 0.639 e 0. 639 h 0.617 fg 0.619 e 0.604 ef 0.601 f 
 3200 0.794 ef 0.736 cdef 0.661 de 0.631 h 0.554 hi 0.533 fg 0.477 h 0.443 h 
WS 0 0.814 a 0.758 abc 0.767 a 0.790 a 0.768 a 0.757 ab 0.734 a 0.755 a 
 200 0.811 ab 0.757 abc 0.755 ab 0.774 ab 0.757 ab 0.726 abcd 0.690 abcd 0.730 abc  
 400 0.809 ab 0.749 bcd 0.737 bc 0.749 bcd 0.731 b 0.705 cd 0.653 de 0.695 cde 
 800 0.811 ab 0.741 cde 0.723 c 0.717 efg 0.693 cd 0.685 d 0. 658 cde 0.675 de 
 1600 0.809 ab 0.717 fg 0.650 e 0.689 g 0.626 ef 0.603 e 0.561 fg 0.545 g 
 3200 0.806 abc 0.723 efg 0.642 e 0.620 h 0.540 i 0.489 g 0.392 i 0.354 i 
Std Error ±0.003 ±0.008 ±0.009 ±0.011 ±0.013 ±0.017 ±0.020 ±0.019 
ANOVA 
Source Df         
Grass 2 *** NS * *** *** ** *** *** 
Ni 5 NS *** *** *** *** *** *** *** 
Gr*Ni 10 NS NS * * NS NS NS * 
Round 1 *** *** *** *** NS *** *** *** 
† Values connected by the same letter are not significantly different at α = 0.05. 
§ NDVI is a measure of turfgrass color from 0.000 to 1.000. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level. 
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Figure 3.4 NDVI of Seaside II (SS-A), PennLinks II (PL-B), and weedy species (WS-C) 
as affected by Ni concentration over eight weeks in round II.  
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Chlorophyll Index 
 Comparing round I and round II interactions, it was determined that the p-value 
was less than 0.05, thus the rounds are discussed separately. Weeks resulting in zero are 
due to weather incompatible with the chlorophyll meter. Chlorophyll index was impacted 
by Ni treatments at varying degrees across the three different turfgrasses and 
concentrations while still following trend as Ni concentration increased, chlorophyll 
index decreased (Figure 3.5). At the conclusion of the study, results followed Seaside II 
(328), PennLinks II (325), and weedy species (279) (Table 3.5). Analysis of 
concentrations showed as Ni concentration increased chlorophyll index decreased 
although at the conclusion of the study, control and 200 µg L-1 Ni were not significantly 
different. Week eight results ranged from 464 (control), 441 (200 µg L-1 Ni), 362 (400 µg 
L-1 Ni), 294 (800 µg L-1 Ni), 185 (1600 µg L-1 Ni), and 118 (3200 µg L-1 Ni) (Table 3.5).  
When analyzing interactions, slight trends were noted. Seaside II 1600 and 3200 
µg L-1 Ni, resulted in large reductions in chlorophyll index. Results at the conclusion of 
the study ranged from, 424 (control), 432 (200 µg L-1 Ni), 343 (400 µg L-1 Ni), 366 (800 
µg L-1 Ni), 236 (1600 µg L-1 Ni), and 168 (3200 µg L-1 Ni) (Table 3.5, Figure 3.5A). 
PennLinks II at 400 µg L-1 Ni showed a large decrease in chlorophyll index as well as 
800, 1600, and 3200 µg L-1 Ni. At the conclusion of eight weeks, chlorophyll index 
ranged from 556 (control), 509 (200 µg L-1 Ni), 358 (400 µg L-1 Ni), 258 (800 µg L-1 Ni), 
170 (1600 µg L-1 Ni), and 98 (3200 µg L-1 Ni) (Table 3.5, Figure 3.5B). Weedy species at 
800 µg L-1 Ni showed a large decrease in chlorophyll index as well as 1600 and 3200 µg 
L-1 Ni. Overall, weedy species at the conclusion of the study displayed the lowest 
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chlorophyll index at 1600 and 3200 µg L-1 Ni. The chlorophyll index values of the weedy 
species were 100 or less, at 3200 µg L-1 Ni, from week five until the conclusion of the 
study, indicating dead turf.  At the conclusion of eight weeks, chlorophyll index resulted 
in 411 (control), 383 (200 µg L-1 Ni), 385 (400 µg L-1 Ni), 259 (800 µg L-1 Ni), 150 
(1600 µg L-1 Ni), and 88 (3200 µg L-1 Ni) (Table 3.5, Figure 3.5C).  
 Round II analysis showed similar trend of weedy species containing the lowest 
chlorophyll index and Seaside II containing the highest chlorophyll index compared to all 
three turfgrasses. At the conclusion of the eight-week study, results ranged from Seaside 
II (353), PennLinks II (290), and weedy species (251) all being significantly different 
(Table 3.2). Analysis of concentrations exhibited the trend as Ni concentration increased 
chlorophyll index decreased although at the conclusion of the study, control and 200 µg 
L-1 Ni were not significantly different. Week eight results ranged from 449 (control), 410 
(200 µg L-1 Ni), 337 (400 µg L-1 Ni), 294 (800 µg L-1 Ni), 192 (1600 µg L-1 Ni), and 107 
(3200 µg L-1 Ni) (Table 3.6). When analyzing interactions, slight trends were noted. 
Seaside II at the conclusion of the study ranged from, 460 (control), 478 (200 µg L-1 Ni), 
390 (400 µg L-1 Ni), 372 (800 µg L-1 Ni), 290 (1600 µg L-1 Ni), and 129 (3200 µg L-1 Ni) 
(Table 3.6, Figure 3.6A). PennLinks II followed trend from round I as 400 µg L-1 Ni 
showed a large decrease in chlorophyll index as well as 800, 1600, and 3200 µg L-1 Ni. 
At the conclusion of eight weeks, chlorophyll index resulted in 478 (control), 418 (200 
µg L-1 Ni), 305 (400 µg L-1 Ni), 275 (800 µg L-1 Ni), 158 (1600 µg L-1 Ni), and 108 
(3200 µg L-1 Ni) (Table 3.6, Figure 3.6B). Weedy species followed trend from round I 
that 800 µg L-1 Ni indicated a large decrease in chlorophyll index as well as 1600 and 
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3200 µg L-1 Ni. Overall, weedy species also followed trend from round I by display of 
the lowest chlorophyll index at 1600 and 3200 µg L-1 Ni at the conclusion of the study. 
At the conclusion of eight weeks, chlorophyll index ranged from 410 (control), 335 (200 
µg L-1 Ni), 315 (400 µg L-1 Ni), 235 (800 µg L-1 Ni), 129 (1600 µg L-1 Ni), and 83 (3200 
µg L-1 Ni) (Table 3.6, Figure 3.6C).  
  
 45 
Table 3.5 Chlorophyll index of Seaside II (SS) creeping bentgrass, PennLinks II (PL) 
creeping bentgrass, and a weedy species (WS) mixture in response to Ni application in 
round I. 
 Week 
 1 2 3 4 5 6 7 8 
Chlorophyll Index 
Grass 
SS - 234 c 296 a 319 a 298 a 313 a 325 a 328 a 
PL - 260 b 267 b 305 ab 310 a 286 b 292 b 325 a 
WS - 294 a 228 c 289 b 293 a 282 b 292 ab 279 b 
Std Error - ±6.3 ±7.1 ±6.7 ±8.7 ±9.1 ±11.4 ±9.3 
Ni Concentration (µg L-1 of Ni) 
0 - 278 ab 343 a 468 a 450 a 415 a 433 a 464 a 
200 - 264 ab 298 b 372 b 373 b 359 b 436 a 441 a 
400 - 270 ab 290 b 322 c 351 b 332 bc 332 b 362 b 
800 - 283 a 254 c 284 d 284 c 302 c 290 b 294 c 
1600 - 256 b 225 d 216 e 201 d 208 d 195 c 185 d 
3200 - 224 c 173 e 165 f 142 e 146 e 131 d 118 e 
Std Error - ±9.0 ±10.0 ±9.4 ±12.3 ±12.9 ±16.1 ±13.1 
Grass*Ni 
Grass Ni  
SS 0 - 234 fghi 341 bc 451 ab 357 cd 353 cd 420 abc 424 bc 
 200 - 239 efghi 315 bc 368 cd 341 d 319 de 419 abc 432 b 
 400 - 218 hi 344 b 318 e 342 d 337 cde 313 def 343 e 
 800 - 261 defgh 298 bcd 328 de 323 de 373 bcd 348 cde 366 cde 
 1600 - 235 efghi 261 def 248 ghi 235 fgh 288 ef 262 fg 236 f 
 3200 - 215 i 219 efgh 202 ijk 189 hij 205 gh 186 gh 168 g 
PL 0 - 310 abc 394 a 469 a 464 b 473 a 492 a 556 a 
 200 - 279 bcde 334 bc 407 bc 414 bc 399 bc 432 ab 509 a 
 400 - 245 efghi 265 de 302 ef 356 cd 280 ef 287 ef 358 de 
 800 - 266 cdefg 239 efg 266 fg 278 ef 252 fg 253 fg 258 f 
 1600 - 232 fghi 199 gh 218 hij 208 ghi 177 hi 165 hi 170 g 
 3200 - 232 fghi 172 hi 168 kl 138 jk 136 ij 120 hi 98 h 
WS 0 - 291 bcd 294 cd 483 a 530 a 420 ab 388 bcd 411 bcd 
 200 - 275 cdef 243 efg 341 de 364 cd 358 bcd 456 ab 383 bcde 
 400 - 349 a 261 def 347 de 355 cd 380 bcd 395 bc 385 bcde 
 800 - 323 ab 226 efg 256 fgh 251 fg 280 ef 269 ef 259 f 
 1600 - 302 bcd 214 fgh 181 jk 160 ijk 160 hij 158 hi 150 gh 
 3200 - 225 ghi 128 i 125 l 100 k   98 j   89 i   88 h 
Std Error - ±15.5 ±17.3 ±16.3 ±21.4 ±22.4 ±27.9 ±22.7 
ANOVA 
Source Df         
Grass 2 - *** *** * NS * NS *** 
Ni 5 - *** *** *** *** *** *** *** 
Grass*Ni 10 - ** ** ** *** *** ** *** 
Round 1 - *** - *** *** *** NS NS 
† Values connected by the same letter are not significantly different at α = 0.05. 
§ Chlorophyll index is a unit of relative chlorophyll content from 0 to 999. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 
probability level. 
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Figure 3.5 Chlorophyll index of Seaside II (SS-A), PennLinks II (PL-B), and weedy 
species (WS-C) as affected by Ni concentration over eight weeks in round I.   
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Table 3.6 Chlorophyll index of Seaside II (SS) creeping bentgrass, PennLinks II (PL) creeping 
bentgrass, and a weedy species (WS) mixture in response to Ni application round II. 
 Week 
 1 2 3 4 5 6 7 8 
Chlorophyll Index 
Grass 
SS - 356 b - 367 a 447 a 383 a 352 a 353 a 
PL - 368 b - 347 ab 339 b 331 b 330 a 290 b 
WS - 433 a - 333 b 318 b 283 c 224 b 251 c 
Std Error - ±11.5 - ±10.9 ±11.2 ±13.3 ±12.0 ±9.9 
Ni Concentration (µg L-1 of Ni) 
0 - 434 a - 476 a 598 a 509 a 429 a 449 a 
200 - 430 a - 429 b 481 b 411 b 415 a 410 a 
400 - 398 a - 373 c 399 c 381 bc 326 b 337 b 
800 - 410 a - 353 c 336 d 332 c 300 b 294 c 
1600 - 330 b - 262 d 246 e 224 d 217 c 192 d 
3200 - 311 b - 201 e 149 f 137 e 124 d 107 e 
Std Error - ±16.3 - ±15.4 ±15.8 ±18.8 ±16.9 ±14.0 
Grass*Ni 
Grass Ni  
SS 0 - 350 def - 419 bcd 664 a 495 b 409 bc 460 ab 
 200 - 390 cde - 453 bc 559 b 484 b 462 ab 478 a 
 400 - 319 def - 343 ef 465 cd 438 bc 360 cde 390 bcd 
 800 - 436 abc - 431 bcd 475 cd 420 bcd 403 bcd 372 cde 
 1600 - 337 def - 343 ef 347 fg 312 e 331 cde 290 fg 
 3200 - 303 f - 214 h 173 ij 149 f 145 gh 129 hi 
PL 0 - 477 ab - 537 a 595 ab 603 a 542 a 478 a 
 200 - 399 bcd - 442 bcd 447 d 414 bcd 462 ab 418 abc 
 400 - 370 cdef - 374 def 366 ef 360 cde 395 bcd 305 ef 
 800 - 349 def - 330 ef 262 h 289 e 278 ef 275 fg 
 1600 - 300 f - 209 h 221 hi 190 f 176 gh 158 h 
 3200 - 312 ef - 192 h 146 ij 129 f 127 h 108 hi 
WS 0 - 475 ab - 471 ab 535 bc 429 bcd 337 cde 410 abc 
 200 - 501 a - 392 cde 438 de 337 de 320 de 335 def 
 400 - 505 a - 403 bcde 367 ef 346 cde 225 fg 315 ef 
 800 - 446 abc - 298 fg 270 gh 286 e 218 fg 235 g 
 1600 - 352 def - 234 gh 171 ij 169 f 143 gh 129 hi 
 3200 - 319 def - 198 h 127 j 132 f 100 h   83 i 
Std Error - ±28.2 - ±26.7 ±27.4 ±32.6 ±29.3 ±24.3 
ANOVA 
Source Df         
Grass 2 - *** - NS *** *** *** *** 
Ni 5 - *** - *** *** *** *** *** 
Grass*Ni 10 - ** - ** NS * ** NS 
Round 1 - *** - *** *** *** NS NS 
† Values connected by the same letter are not significantly different at α = 0.05. 
§ Chlorophyll index is a unit of relative chlorophyll content from 0 to 999. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 
probability level. 
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Figure 3.6 Chlorophyll index of Seaside II (SS-A), PennLinks II (PL-B), and weedy 
species (WS-C) as affected by Ni concentration over eight weeks in round II.  
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Clippings 
Relative values compared to controls were calculated and used in the analysis of 
clippings The interactions between the 2 rounds were not significantly different therefore 
the data was pooled. The clipping mass of three species of turfgrasses differed, with 
Seaside II resulting in the lowest reduction and weed species with the highest reduction in 
clipping growth.  The concentration of Ni exposure affected the clipping mass of the 
turfgrasses.  The control differed from 200, 400, 800, 1600, and 3200 µg L-1 Ni; the 200 
and 400 µg L-1 Ni were not significantly different. 800, 1600, and 3200 µg L-1 Ni were all 
significantly different while 3200 µg L-1 Ni resulted in the highest reduction in clipping 
weight overall.  
An interaction between grass and concentration was noted for relative clipping 
values.  All turf control levels, Seaside 200 and 400 µg L-1 Ni, and PennLinks II 200 µg 
L-1 Ni, relative clipping percentages were similar (Table 3.7, Figure 3.7). Clippings from 
PennLinks II 200 and 400 µg L-1 Ni, Seaside II 200 and 800 µg L-1 Ni were similar.  
PennLinks II 400 µg L-1 Ni and weedy species 200 and 400 µg L-1 Ni were similar. 
Clippings of PennLinks II and weedy species at 1600 µg L-1 Ni were similar to Seaside II 
3200 µg L-1 Ni.  Clippings of the weedy species at 1600 µg L-1 Ni, Seaside II and 
PennLinks II at 3200 µg L-1 Ni were similar. Clippings produced by Seaside II, 
PennLinks II, and the weedy species at 3200 µg L-1 Ni were similar, with clippings from 
Seaside II reduced by 70.3% and weedy species clippings reduced by 82.4% (Table 4.1, 
Figure 3.7).  
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Table 3.7 Relative clipping weight (%) of Seaside II (SS)creeping bentgrass, 
PennLinks II (PL) creeping bentgrass, and a weedy species (WS) mixture in response 
to Ni application. 
Grass  Relative Clipping Yield 
SS  -21.34 a 
PL  -34.14 b 
WS  -41.75 c 
Std Error ±1.80 
Ni Concentration (µg L-1 of Ni)  
0     0.00 a 
200  -13.87 b 
400  -16.58 b 
800  -32.43 c 
1600  -55.27 d 
3200  -76.36 e  
Std Error ±2.55 
Grass*Nickel   
Grass Ni Concentration (µg L-1 of Ni)  
SS 0   0.00 a 
 200  -7.70 a 
 400    1.04 a 
 800 -13.82 b 
 1600 -37.20 de 
 3200 -70.35 fgh 
PL 0    0.00 a 
 200   -7.63 ab 
 400 -19.40 bc 
 800 -38.11 de 
 1600 -63.47 f 
 3200 -76.38 gh 
WS 0    0.00 a 
 200 -26.27 cd 
 400 -31.39 cd 
 800 -45.35 e 
 1600 -65.13 fg 
 3200 -82.36 h 
Std Error ±4.41 
ANOVA 
Source Df  
Grass 2 *** 
Ni 5 *** 
Grass*Ni 10 ** 
Round 1 NS 
†Values connected by the same letter are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant 
at 0.001 probability level. 
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Figure 3.7 Relative clipping weight (%) of Seaside II (SS), PennLinks II (PL), and 
weedy species (WS) as affected by Ni concentration over eight weeks. 
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Root Biomass 
 Results of relative root biomass from round I and round II were compared and did 
not differ, thus the data were combined for analyses.  The relative root biomass of all 
turfgrasses were similar (Table 3.8), but with increasing concentration of Ni, relative root 
biomass decreased (Figure 3.8).  200 and 400 µg L-1 Ni differed from all other exposure 
concentrations, with the lowest reductions in root biomass.  Root biomass reductions 
were greatest at 3200 µg L-1 Ni (Table 3.8).   
When analyzing grass by concentration, significant differences were noted. 
PennLinks II control, weedy species control, and Seaside II control were not significantly 
different. Seaside II 200 µg L-1 Ni, PennLinks II 200 µg L-1 Ni, and Seaside II 400 µg L-1 
Ni were not significantly different. PennLinks II 200 µg L-1 Ni, Seaside II 400 µg L-1 Ni, 
weedy species 200 µg L-1 Ni, PennLinks II 400 µg L-1 Ni, weedy species 400 µg L-1 Ni, 
and Seaside II 800 µg L-1 Ni were not significantly different while ranging from 39.63% 
to 49.18% reduction in root biomass. PennLinks II 800 µg L-1 Ni, weedy species 3200 µg 
L-1 Ni, PennLinks II 1600 µg L-1 Ni, Seaside II 1600 µg L-1 Ni, and Seaside II 3200 µg L-
1 Ni were not significantly different. Weedy species 3200 µg L-1 Ni, PennLinks II 1600 
µg L-1 Ni, Seaside II 1600 µg L-1 Ni, Seaside II 3200 µg L-1 Ni, and PennLinks II 3200 
µg L-1 Ni were not significantly different and resulted in the highest reduction of root 
biomass ranging from 59.81% to 68.56% (Table 3.8, Figure 3.8).  
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Table 3.8 Relative root biomass of Seaside II (SS) creeping bentgrass, PennLinks II 
(PL) creeping bentgrass, and a weedy species (WS) mixture in response to nickel (Ni) 
application. 
Grass   Relative Root Biomass 
SS  -41.22 a 
PL  -41.74 a 
WS  -44.70 a 
Std Error ±1.44 
Ni Concentration (µg L-1 of Ni)  
0     0.00 a 
200  -38.21 b 
400  -42.40 b 
800  -52.14 c 
1600  -58.53 d 
3200  -64.03 d 
Std Error ±2.03 
Grass*Nickel   
Grass Ni Concentration (µg L-1 of Ni)  
SS 0    0.00 a 
 200 -31.84 b 
 400 -39.70 bc 
 800 -49.18 cde 
 1600 -62.81 hi 
 3200 -63.72 hi 
PL 0    0.00 a 
 200 -39.63 bc 
 400 -43.37 cd 
 800 -55.09 efgh 
 1600 -61.58 ghi 
 3200 -68.56 i 
WS 0    0.00 a 
 200 -43.16 cd 
 400 -44.13 cd 
 800 -52.15 defg 
 1600 -51.20 def 
 3200 -59.81 ghi 
Std Error ±3.52 
ANOVA 
Source Df  
Grass 2 NS 
Ni 5 *** 
Grass*Ni 10 NS 
Round  1 NS 
†Values connected by the same letter are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant 
at 0.001 probability level. 
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Figure 3.8 Relative root biomass (%) of Seaside II (SS), PennLinks II (PL), and weedy 
species (WS) as affected by Ni concentration over eight weeks. 
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Total Biomass 
 Results of total biomass from round I and round II were compared and did not 
differ, thus the data were combined for analyses.  Total reduction in biomass of the three 
turfgrass species differed.  The total biomass reduction of Seaside II was 19.2% and the 
weedy species was 30.1%.  Analysis of concentrations showed significant differences 
between each treatment. Trend remained as concentration increased total biomass 
reduction increased (Figure 3.9). At the 200 µg L-1 Ni, an 11.57% reduction was found 
resulting in the lowest reduction of total biomass and 3200 µg L-1 Ni was found to have 
the highest total biomass reduction at 59.38%.  
Comparing grass by concentration, significant differences were noted. PennLinks 
II 200 µg L-1 Ni, Seaside II 200 µg L-1 Ni, and Seaside II 400 µg L-1 Ni were not 
significantly different with reduction in total biomass ranging from 8.09% to 10.3%. 
Seaside II 800 µg L-1 Ni, PennLinks II 400 µg L-1 Ni, weedy species 200 µg L-1 Ni, and 
weedy species 400 µg L-1 Ni were not significantly different. Seaside II 1600 µg L-1 Ni, 
PennLinks II 800 µg L-1 Ni, and weedy species 800 µg L-1 Ni were not significantly 
different. PennLinks II 1600 µg L-1 Ni, weedy species 1600 µg L-1 Ni, and Seaside II 
3200 µg L-1 Ni were not significantly different with reduction ranging from 46.1% to 
50.6%. PennLinks II 3200 µg L-1 Ni resulted in a 62.5% reduction while weedy species 
3200 µg L-1 Ni resulted in a 65% reduction and were not significantly different (Table 
3.9, Figure 3.9).   
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Table 3.9 Relative total biomass (%) of Seaside II (SS) creeping bentgrass, (PL) 
creeping bentgrass, and a weedy species (WS) mixture in response to nickel (Ni) 
application. 
Grass   Relative Total Biomass 
SS  -19.20 a 
PL  -27.29 b 
WS  -30.09 c 
Std Error ±0.87 
Ni Concentration (µg L-1 of Ni)  
0     0.00 a 
200  -11.57 b 
400  -16.31 c 
800  -25.62 d 
1600  -40.27 e 
3200  -59.38 f 
Std Error ±1.23 
Grass*Nickel   
Grass Ni Concentration (µg L-1 of Ni)  
SS 0    0.00 a 
 200   -8.82 b 
 400 -10.33 b 
 800 -17.13 c 
 1600 -28.33 d 
 3200 -50.58 e 
PL 0    0.00 a 
 200   -8.09 b 
 400 -17.32 c 
 800 -29.72 d 
 1600 -46.09 e 
 3200 -62.54 f 
WS 0    0.00 a 
 200 -17.81 c 
 400 -21.28 c 
 800 -30.02 d 
 1600 -46.39 e 
 3200 -65.04 f 
Std Error ±2.12 
ANOVA 
Source Df  
Grass 2 *** 
Ni 5 *** 
Grass*Ni 10 *** 
Round 1 NS 
†Values connected by the same letter are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant 
at 0.001 probability level. 
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Figure 3.9 Relative total biomass (%) of Seaside II (SS), PennLinks II (PL), and weedy 
species (WS) as affected by nickel concentration over eight weeks. 
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Nickel Concentration 
  The interactions between the 2 rounds were significantly different therefore they 
were separated. Analysis of round I, showed all grasses to be significantly different 
(Table 3.10). Weedy species had the highest accumulation of Ni in plant tissue, followed 
and Seaside II had the lowest Ni accumulation. All concentrations were found to be 
significantly different. 3200 µg L-1 Ni was significantly different from all other 
concentrations and resulted in the highest accumulation of Ni. Grass exposures to Ni at 
1600 and 800 µg L-1 Ni differed from all other exposure concentrations.  Whereas tissue 
concentrations of Ni at 200 and 400 µg L-1 Ni were similar, with similar concentrations 
of Ni detected in the control and the 200 µg L-1 Ni exposures.  
 Grass by concentration interaction showed significant differences. Weedy species 
3200 µg L-1 Ni was found to be significantly different from all other interactions and 
resulted in the highest accumulation of Ni in plant tissue. PennLinks II 3200 µg L-1 Ni 
was significantly different from remaining interactions. Seaside II 3200 µg L-1 Ni, weedy 
species 1600 µg L-1 Ni, and PennLinks II 1600 µg L-1 Ni were not significantly different. 
It was found that Seaside II 1600 µg L-1 Ni, PennLinks II 800 µg L-1 Ni, weedy species 
800 µg L-1 Ni, and Seaside II 800 µg L-1 Ni were not significantly different. PennLinks II 
400 µg L-1 Ni, weedy species 400 µg L-1 Ni, Seaside II 400 µg L-1 Ni, weedy species 200 
µg L-1 Ni, PennLinks II 200 µg L-1 Ni, and Seaside II 200 µg L-1 Ni were not 
significantly different. Weedy species 400 µg L-1 Ni, Seaside II 400 µg L-1 Ni, weedy 
species 200 µg L-1 Ni, PennLinks II 200 µg L-1 Ni, Seaside II 200 µg L-1 Ni, weedy 
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species control, PennLinks II control, and Seaside II control were not significantly 
different (Table 7.1, Figure 10). 
 Round II found all turfgrasses were determined to not be significantly different 
although weedy species resulted in the highest accumulation overall of Ni and Seaside II 
accumulating the lowest overall Ni. Concentrations showed to all be significantly 
different at each treatment level. 3200 µg L-1 Ni showed to have the highest accumulation 
of Ni and control the lowest accumulation. Remaining concentrations followed in 
descending order.  
 When comparing grass by concentration interaction, significant differences are 
noted. Weedy species 3200 µg L-1 Ni and Seaside II 3200 µg L-1 Ni were not 
significantly different although weedy species 3200 µg L-1 Ni interaction showed to 
accumulate the highest overall amount of Ni. PennLinks II 1600 µg L-1 Ni, PennLinks 
3200 µg L-1 Ni, and weedy species 1600 µg L-1 Ni were not significantly different. 
Weedy species 1600 µg L-1 Ni and Seaside II 1600 µg L-1 Ni interactions were not 
significantly different. Seaside II 400 µg L-1 Ni, weedy species 400 µg L-1 Ni, PennLinks 
II 200 µg L-1 Ni, Seaside II 200 µg L-1 Ni, and weedy species 200 µg L-1 Ni were not 
significantly different. Seaside II 200 µg L-1 Ni, weedy species 200 µg L-1 Ni, PennLinks 
II control, Seaside II control, and weedy species control were not significantly different 
(Table 3.11, Figure 3.11).  
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Table 3.10 Nickel (Ni) tissue concentration of Seaside II (SS) creeping bentgrass, 
PennLinks II (PL) creeping bentgrass, and a weedy species (WS) mixture in response to 
Ni application in round one. 
Grass   Ni Tissue Concentration (mg/kg) 
SS  116.376  c 
PL  178.114 b 
WS  228 .137 a  
Std Error ±10. 
Ni Concentration (µg L-1 of Ni)  
0     0.020 e 
200    35.889 de 
400    67.067 d 
800  129.278 c  
1600  247.178 b 
3200  565.822 a 
Std Error ±14.605 
Grass*Nickel   
Grass Ni Concentration (µg L-1 of Ni)  
SS 0     0.020 i 
 200   29.500 hi 
 400   54.200 ghi 
 800 110.033 defg 
 1600 171.233 d 
 3200 333.267 c 
PL 0     0.020 i 
 200   36.600 hi 
 400   79.833 efgh 
 800 147.133 de 
 1600 280.600 c 
 3200 524.500 b 
WS 0     0.020 i 
 200   41.567 ghi 
 400   67.167 fghi 
 800 130.667 def 
 1600 289.700 c 
 3200 839.700 a 
Std Error ±25.296 
ANOVA 
Source Df  
Grass 2 *** 
Ni 5 *** 
Grass*Ni 10 *** 
Round  1 *** 
†Values connected by the same letter are not significantly different at α = 0.05. * Significant at 
0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 
probability level. 
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Figure 3.10. Tissue Ni concentration (mg kg-1) of Seaside II (SS), PennLinks II (PL), and 
weedy species (WS) as affected by Ni concentration over eight weeks in round one. 
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Table 3.11 Nickel (Ni) tissue concentration of Seaside II (SS)creeping bentgrass, 
PennLinks II (PL) creeping bentgrass, and a weedy species (WS) mixture in response to 
Ni application in round two. 
Grass   Ni Tissue Concentration (mg/kg) 
SS  109 a 
PL  117 a 
WS  124 a  
Std Error ±5.74 
Ni Concentration (µg L-1 of Ni)  
0      3.50 f 
200    42.2  e 
400    71.7  d 
800  119     c 
1600  189     b 
3200  274     a 
Std Error ±8.12 
Grass*Nickel   
Grass Ni Concentration (µg L-1 of Ni)  
SS 0     3.53 i 
 200   41.8   hi 
 400   67.1   fgh 
 800   90.3   ef 
 1600 154      cd 
 3200 298      a 
PL 0     3.77 i 
 200   47.2   gh 
 400   84.2   efg 
 800 148      d 
 1600 221      b 
 3200 195      b 
WS 0     3.20 i 
 200   37.6    hi 
 400   64.0    fgh 
 800 117      de 
 1600 192      bc 
 3200 328      a 
Std Error ±14.067 
ANOVA 
Source Df  
Grass 2 NS 
Ni 5 *** 
Grass*Ni 10 *** 
Round  1 *** 
†Values connected by the same letter are not significantly different at α = 0.05.  
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 
0.001 probability level. 
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Figure 3.11 Tissue Ni concentration (mg kg-1) of Seaside II (SS), PennLinks II (PL), and 
weedy species (WS) as affected by Ni concentration over eight weeks in round two. 
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Discussion 
No literature detailing cool-season grasses tolerance to Ni were found while 
designing and conducting this work.  Results from this work closed this gap in 
knowledge, as related to creeping bentgrass, annual bluegrass, and perennial ryegrass and 
Ni tolerance, but also opened other avenues of needed study including: (1) further 
examining Ni use as a suppressant of annual bluegrass and (2) assisting in the transition 
of perennial ryegrass in the spring back to warm-season turfgrasses. With the findings 
from this research and previous research documenting two warm-season turfgrasses Ni 
toxicity levels, examining further Ni use as a suppressant of perennial ryegrass during 
spring transition, helping to develop alternative strategies to traditional chemical 
applications. Barker and Pilbeam (2015) claimed that there appears to be nothing known 
of the genetics of Ni acquisition by plants. This research shows that genetically between 
cultivars of bentgrasses Seaside II and PennLinks II that there are differences in the 
acquisition of Ni by plants. It is still unclear exactly what or why this may be but further 
researching salinity tolerant cool-season turfgrasses may provide similar results of a 
higher nickel tolerance. With the extensive amounts of genetic variability in plants for 
efficiency and tolerance to toxicity levels, cultivars should be developed to sustain 
healthy turf on Ni contaminated soils. This research has provided evidence that there are 
possibly different mechanisms within cultivars and species to tolerate Ni contaminated 
soils and further research is needed to determine what those mechanisms are.  
Over the years, weeds have adapted to abuse of one chemical mode of action, 
becoming tolerant or resistant to such herbicides and resulting in herbicide-resistant weed 
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biotypes (Yu et al., 2010).  Annual bluegrass has shown resistance to triazines, 
dinitroanilines, glyphosate, and acetolactate synthase (ALS) inhibitors (Kelly et al., 1999; 
Isgrigg et al., 2002; Brosnan et al, 2012; McElroy et al., 2013).  For over 15 years, 
superintendents have been applying glyphosate to dormant bermuda and zoysiagrass to 
kill cool-season weeds such as annual bluegrass.  Binkholder et al. (2011) noted that after 
a 10-year span of glyphosate use in Columbia, MO, annual bluegrass began to show no 
effect from the applied glyphosate on one fairway.  Acetolactate synthase (ALS) 
inhibitors are one of the most widely used herbicides around the world and lead chemical 
groups in the most weed species with resistance (Tranel and Wright, 2002).  In southern 
regions where warm-season turfgrasses never reach full dormancy, ALS inhibitors have 
been the only option for superintendents. Weeds become resistant to ALS inhibitors 
through mutations in gene coding ALS; five amino acids are also able to substitute and 
grant resistance to ALS inhibitors (Tranel and Wright, 2002).  Because herbicide 
resistance is becoming a widespread problem for annual bluegrass, finding alternative 
measures to control such a troublesome pest would assist in offsetting this resistance.  
Further research exploring Ni use as a suppressant of annual bluegrass and its potential 
environmental impacts could lead to development of new alternative measures for annual 
bluegrass control. 
All measures of turf quality and physiological health decreased as Ni 
concentration increased with the three cool-season turfgrasses evaluated in these studies.  
Although all three turfgrasses experienced decreases in turf quality, Seaside II and 
PennLinks II remained at an acceptable turf level at Ni concentrations of 400 and 800 µg 
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L-1 Ni, while the turf quality of the weedy species was no longer acceptable.  Seaside II 
turf quality was acceptable at Ni application rates of 1600 µg L-1 Ni.  At application rates 
of 3200 µg L-1 Ni, PennLinks II and the weedy species were necrotic, whereas Seaside II 
was actively growing with signs of yellowing. 
The correlation between NDVI and turf quality is supported by Xiong et al. 
(2007) who found when conducting a correlation analysis that turf quality and NDVI 
were linearly related. Trenholm et al. (1999) and Bell et al. (2004) also supported this by 
demonstrating that NDVI was linearly related to turf visual quality and showed the 
highest correlation with turf quality among all visual parameters. The NDVI closely 
correlated to turf quality and was impacted by Ni treatments at varying degrees across the 
three different turfgrasses and concentrations. NDVI ratings of all three turfgrasses 
decreased as Ni concentration increased.  The NDVI of PennLinks II and Seaside II were 
similar to the control up to 400 µg L-1 Ni. At 1600 µg L-1 Ni, the NDVI ratings of Seaside 
II were comparable to PennLinks II.  While the NDVI of the weedy species was similar 
on at concentrations up to 800 µg L-1 Ni. 
The chlorophyll index declined for all three turfgrasses as Ni concentration 
increased. Chlorophyll index data for Seaside II were similar from 0 to 800 µg L-1 Ni.  
Chlorophyll index data for the weedy species were similar for 0 to 400 µg L-1 Ni, while 
all Ni exposure concentrations to PennLinks II resulted in differing chlorophyll index 
data. The findings of this study agree with Chen et al. (2009) and Kotapati et al. (2017) in 
that excess Ni negatively affects plants through disruption of photosynthesis, resulting in 
a decrease in chloroplast pigments, and overall decreasing chlorophyll content.   
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While all three turfgrasses exhibited reductions in growth, the weedy species 
displayed greater reductions in growth in clipping yield than Seaside II and PennLinks II.  
At 200 µg L-1 Ni, the clipping yield of Seaside II, PennLinks II, and the weedy species 
were reduced from the control (0 µg L-1 Ni) 7.7%, 7.6%, and 26.3%, respectively.  
PennLinks II and the weedy species showed a 19.4% and 31.4% reduction at 400 µg L-1 
Ni compared to control treatments.  Clipping yields at 3200 µg L-1 Ni were compared to 
the control and were reduced by 70.4% (Seaside II), 76.4% (PennLinks II), and 82.4% 
(weedy species) . For PennLinks II and weedy species trend followed suit in as Ni 
concentration increased, clipping yield decreased. Seaside II with the exception of 400 µg 
L-1 Ni, followed trend as well. The reductions in clipping yield as Ni toxicity increased 
could be due to and agrees with Kotapati et al. (2017) that reduced chlorophyll content 
decreases photosynthetic rates and reduced the build-up of organic compounds and shoot 
growth. 
As Ni exposure concentration increased, root biomass declined.  Reductions in 
biomass from the control (0 µg L-1 Ni) for all three turfgrasses ranged from 31.8-43.2% at 
200 µg L-1 Ni and from 59.8-63.7% at 3200 µg L-1 Ni.  For all species, as Ni 
concentration increased, root biomass decreased. Woolhouse (1983) stated that reduction 
in root growth has been commonly observed in plants subjected to heavy metal toxicity. 
Faust and Christians (1999) looked at copper and found that the dry weight of clippings 
for plants grown in silica sand decreased 16% as copper treatments increased from 0-600 
mg kg-1. When they examined copper at 600 mg kg-1 root mass was determined to be 56% 
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and 48% lower than the control. Iron increased shoot and root growth with each 
application up to 6 mg . L-1 but decreased at 8 mg . L-1 (Xu and Mancino, 2001). 
While all three turfgrasses exhibited reductions in growth, the weedy species 
displayed greater reductions in growth in total biomass than Seaside II and PennLinks II 
overall.  Reductions in total biomass from the control (0 µg L-1 Ni) for all three 
turfgrasses ranged from 8.8-17% at 200 µg L-1 Ni and from 50-65% at 3200 µg L-1 Ni.  
For all species, as Ni concentration increased, total biomass decreased.  Reductions in 
biomass for PennLinks II and the weedy species at 3200 µg L-1 Ni were similar.  For all 
three turfgrass species, the trend followed suit that as Ni concentration increased, total 
biomass decreased. 
 Critical toxicity levels in plants range from >10 mg kg-1 dry weight for sensitive, 
and >50 mg kg-1 dry weight in moderately tolerant species (Marschner, 1995).  Visual 
signs of Ni toxicity were recorded throughout the study at differing concentrations for 
each turfgrass species.  Under 1600 µg L-1 Ni, concentrations of Ni in bentgrass leaf 
tissues ranged from 142 to 305 mg kg-1.  At 1600 µg L-1 Ni, a reduction in clipping yield, 
root biomass, turf quality, and chlorophyll were evident, and Ni toxicity was likely the 
cause.  Bentgrass receiving 400 and 800 µg L-1 Ni displayed reductions in growth and 
overall turf quality, but turf quality was still acceptable.  Tissue Ni concentrations for 400 
and 800 µg L-1 Ni treatments ranged from 50.7 to 165 mg kg-1 respectively, suggesting 
the critical Ni toxicity level in these two species of bentgrasses begins at a range >50 mg 
kg-1.  Weedy species displayed reductions in growth and overall turf quality at 200 µg L-1 
Ni exposures; however, turf quality was still acceptable.  Weedy species tissue Ni 
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concentrations ranged from 35.8 to 44.9 mg kg-1 at 200 µg L-1 Ni, suggesting critical Ni 
toxicity level for annual bluegrass and perennial ryegrass begins at a range >35 mg kg-1.  
Tissue test for two years also showed a negative correlation between Ni tissue 
concentration and K tissue concentration. No other nutrients followed a trend year to 
year. However, with very limited literature available, the exact stimulating or suppressing 
effects of these nutrient elements of K, P, and S specifically to cool-season grass Ni 
toxicity remain unclear. 
 After analyzing the data from this study, it is clear that Seaside II showed a higher 
tolerance to Ni at every parameter tested when compared to PennLinks II and the weedy 
species mixture. Increases in Ni concentration decreased every parameter tested within 
this study on two cool-season turfgrasses and a weedy species mixture. Although all 
grasses experienced decreases in grass quality, Seaside II and PennLinks II remained at 
an acceptable turf quality level at Ni concentrations of 400 and 800 µg L -1 of Ni when 
weedy species mixture was below the acceptable grass quality level. Seaside II displayed 
acceptable turf quality at 1600 µg L -1 of Ni. At 3200 µg L -1 of Ni, PennLinks II and 
weedy species were necrotic at the conclusion of the study whereas Seaside II was 
actively growing with signs of yellowing. These grass quality results indicate genetic 
differences in Ni tolerances and it may lead to future either field or genetic improvements 
in micronutrient management associated with these grasses studied. 
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Conclusions 
This was the first study examining Ni tolerance in cool-season turfgrasses and Ni 
s use a suppressant of annual bluegrass. Nickel tolerance was displayed through increases 
in Ni concentration applied to three cool-season turfgrasses including control, 200, 400, 
800, 1600, and 3200 µg L-1 Ni.  Increased Ni concentration led to symptoms of toxicity, 
reduction in shoot and root growth, reduction in total biomass, decreases in turf quality, 
chlorophyll reduction, and leaf necrosis.  Due to the responses of Seaside II and 
PennLinks II under Ni stress, critical Ni toxicity level begins at a range >50 mg kg-1 Ni 
for these two species of bentgrasses.   
This research distinguishes Ni tolerance levels of three cool-season turfgrasses 
and sparks interest in Ni role as a suppressant of annual bluegrass. Areas of future 
research could include field trials to test Ni ability to suppress annual bluegrass in the 
field along with a rate to be applied. Ni movement within soils and long-term affects after 
application needs to be studied before being used as a suppressant. Levels of Ni in water 
that plants and aquatic animals can tolerate will also need to be explored before being 
implemented into management plans.  Lastly, further research is needed to determine Ni 
tolerance of multiple varieties of bentgrasses as well as different cool-season grass 
species alongside the long-term ecological, physiological, and environmental 
implications of Ni supplementation in turfgrass environments.  
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APPENDICES 
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Appendix A 
Illustrations 
Figure A1: Seaside II (SS) under five Ni concentrations of Control, 200, 400, 800, 1600, 
3200 μg L-1 at the conclusion of the study (eight weeks).  
73 
Figure A2: PennLinks II (PL) under five Ni concentrations of Control, 200, 400, 800, 
1600, 3200 μg L-1 at the conclusion of the study (eight weeks). 
74 
Figure A3: Weedy species (WS) under five Ni concentrations of Control, 200, 400, 800, 
1600, 3200 μg L-1 at the conclusion of the study (eight weeks). 
75 
Figure A4: Seaside II (top), PennLinks II (middle), weedy species (bottom) under Ni 
concentrations of 800, 1600, 3200 μg L-1 at the conclusion of the study (eight weeks). 
76 
Figure A5: Seaside II under 3200 μg L-1 Ni at the conclusion of the study (eight weeks). 
77 
Figure A6: PennLinks II under 3200 μg L-1 Ni at the conclusion of the study (eight 
weeks) 
78 
Figure A7: Weedy species under 3200 μg L-1 Ni at the conclusion of the study (eight 
weeks). 
79 
Figure A8: Measuring seed weight before seeding pots. 
80 
Figure A9: Ni used to formulate Ni concentrations of 200, 400, 800, 1600, 3200 μg L-1. 
81 
Figure A10: 10-3-5 fertilizer applied at a rate of 9.76 kg ha-1 of nitrogen weekly 
throughout the study. 
82 
Figure A11: Two fans were used to reduce risk of disease in the controlled growth room. 
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Appendix B 
Seed Analysis Report for Weedy Species 
Figure B1: Seed analysis report of weedy species mixture. 
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Appendix C 
Soil Ni Analysis Report 
Figure C1: Ni analysis report of sand growing medium. 
85 
Figure C2: Soil analysis report (Sample 1). 
Figure C3: Soil analysis report (Sample 2). 
86 
Figure C4: Soil analysis report (Sample 3). 
Figure C5: Soil analysis report (Sample 4). 
87 
Figure C6: Soil analysis report (Sample 5). 
Figure C7: Soil analysis report (Sample 6). 
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